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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:

Equations of first order /
Gleichungen der ersten Ordnung

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

E(Ba t) =Hy I-_I(Ba t)
D(R,/) = & E(R,1) )

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

HR,))=vB(R,?)

"

L

L

D(Ba t) = 80 E(Ba t) J

gﬂ(&tF _VXER,D) ~J_(R)

gmmz VxH(R1) —J,(R.1)
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%uﬂ@,n: _VXER,) —J_(R)

%gE(B,t) = VxHR,) -J.(R,0)
& _
Y
/(HE)

%g(g,z)= ~VXERD)  —d,(R1)
%[gg(g,t)] = VX[VBR,/)] ~J (R,
_
~
f(B.E)
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v

—,UH(R )= —VxE(R,?)

N/

Field / Feld

%eE(B, = VxHR.)

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

Faraday’s induction law /

IR0 Faradaysches Induktionsgesetz
A
Sources / Quellen
v . .
-J.(R)?) Ampere-Maxwell’s circuital law /

Ampeére-Maxwellsches Durchflutungsgesetz
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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

B Faraday’s induction law /
_B(R f) = -VxER,) ~In(R.7) Faradaysches Induktionsgesetz
\ / A
Field / Feld Sources / Quellen
v
0 B Ampére-Maxwell's circuital law /
5‘(’@(3’ H= Vx [VE(B’ Z)] ~J.(R.0) Ampeére-Maxwellsches Durchflutungsgesetz
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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:

SBR )= ~VXER) -1, (R)
t
Constitutive Equations for Vacuum / 0

Konstituierende Gleichungen ED@J) = VxHR,) -J.(R,))
(Materialgleichungen) fur Vakuum

B(B’ t) = Ho E(Ba t) l

D(R,?) =& E(R,?) 0 10

1
—H (z,t)= ——FE (z,t) —J_, (2,t
5 (@0 o 2z (2,0) ﬂo my (1)
> 9 R 1
Ansatz for the electric and magnetic EEx(Z»t)— _;gHy(Zat) _g_OJex(Zﬁt)

field strength /
Ansatz fur die elektrische und

magnetische Feldstarke ‘t

E(Bat) = Ex(z,f) €,
HR.0)=H,(z.0)e, J ) f([HAztj_ f(t_ A;
— =

Dr. René Marklein - NFT | - Lecture 5/ Vorlesung 5 - WS 2003 / 2004



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

0 1 0 1
—H( )= ———FE (z,1) ——me(z,t)
ot Ho Oz Ho
/ A
Field / Feld Sources / Quellen
_E( t)_ ___H( t) - ex(Zat)
& O €0
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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

—H (z,t)= ———FE, (2.t Iy (2,1

o e =~ (>ﬂmy(z>
H, :z—>nAz, n,=L...,N,

E.:z—>(n +1/2)Az, n,=1,...,N.

z

R N A N 1 2
B g5 owen
&

E(n -1/2) H(n) E(n +1/2)

R

0 0
EEX(Z’ZL) —> gEx(Z,Z)

Az
1o
n,—— n nZ-I-—
z 2 z
QH(”Z)(t) 11 [E(n +12) () _ gl 1/2)(1‘” J(n (1)
o Ho Az Ho
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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

8 10 1
—E (z,t)= ———H (z,{) —— 1
Py w(z,0)= o o (2,0 . e (2,0)
H, :z—>nAz, n,=L...,N,
E.:z—>(n,+1/2)Az, n,=1,...,N,
Oy (z,) — Oy (z,1) =i[H (z+A2)-H (z)]+0[(Az)2]
oz oz e ALY y
2

|:H)()nz+1/2)}

HU) g0 g
R
12
n, nZ 5 n, +1
QE(nzﬂ/z)(t):_ 1 [H(nzﬂ)(t) _HE(p) :|_LJ(nZ+1/2)(t)
ot o goAZ Y Y ) &
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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(" -2) E(n -3/2) H(” -1 E(n -1/2) H(n) E(n +1/2) H(n +1) E(n +3/2)

LA AL

Az Az Az Az
39 > 1 5 17
n,— n, _E n, — 2 n, 5 n, n, + E n, + n, +5
E)(an -3/2) E)(an -1/2) E)(an +1/2) E)(an +3/2)
< Az Az Az
(n.-2) (n.-1) ] .
Hy Hy HJ(/” ) H)(}n )

_X_
A
_X_
_X_
v |
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1-D EM Wave Propagation — Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung — Finite Differenzen im Zeitbereich (FDTD)

0 1 0 1
—H,(z,0)= ———E.(2,1) ——Jpp,(2,0)

o Ho Oz Ho

o 10 1
ZE(z)= ———H,(z,0) ——J (2,
o Dx(&) & 0z y(&0) & e(2:1)

. 2

P S B :
Zf(z)—m{f( + 2} f( 2]}0[(&)]

. =

0 ,.(n) 1 11 n+1/2) (n.-1/2) |
THS 1) = [ ECAD (- D (|- Ly
SO =B O-ET0 [0
0 (n.+1/2) 1 (n.+1) (n.) 1 +1/2)
GEemHD == Dy —gi ) |- =12
o 0] o |:y () y():|goex (0

—aatva”z)(z) =7

0 (n.+1/2)

C R () =9

o 0]
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1-D EM Wave Propagation — Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung — Finite Differenzen im Zeitbereich (FDTD)
0 ,.(n) L 17 412 (n.-1/2) |
ZH (@) = — | EVD () - gtV | gl
SHW ﬂOAZ[x - E"0)] pRLAC
0 (n.+1/2) 1 (n.+1) (n.) 1 +1/2)
Sy NCAR () ey b (LY ) W () W ey (N
SECT0 gOAZ[ D —H @0 ] 0
d 1 At At 2
—f()=— t+— |- flt——||[+O[(Ar
dtf() Al{f(( 2) f[ 2)} [(A)°]
Staggered grid in time / Versetztes Gitter in der Zeit
(n,,n,) (n,,n,—1)
8 (n) Hyz t _Hyz t )
—H ()= +O[(Atf
oy (1) Iy [(A7)7]
& na12) O 2,m+1/2) _ pn,+1/2,m,-1/2) )
—E)" f)=—"= = +O[(At
o (1) A [(A7)7]
(n,.n) _ gy(n,,n-1)
H, Hy :_LL[E)(CnZH/z)(t)_E)(an—l/z)(t)J_LJI(r;layz)(t)
At Ho Az Ho
(n,+1/2m,+1/2) _ p(n, +1/2,m,—1/2)
Ex Ex - 1 |:H)(/I’lz +1)(t) —H)()nz)(t) :|_iJé)};lz+1/2)(t)
At goAZ &0
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1-D EM Wave Propagation — Finite-Difference Time-Domain (FDTD) /
1D EM Wellenausbreitung — Finite Differenzen im Zeitbereich (FDTD)

H(nz’nt) _H(nz »Ty _1)
y y I—LL[E)(anH/z)(Z‘)—E)(CnZ1/2)(t):|—LJr(;;f)(l‘)
At Hy Az Lo
FA12m41/2) _ pln.+1/2,m,41/2)
X X __ 1 [H)(,nzﬂ)(l‘) _H}(}nz)(l«) }_i.]é;zﬂﬂ)(t)
At goAZ 50

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)(}nz’nt) =H3(/nz,n, -1) . At |:E(nz+1/2,nt—1/2) _E)(an —1/2,nt—1/2)i|_ﬁJI(I;?,n,—I/Z)

HohzL ™ Ho
12 41/2) _ pln+1/2,n+1/2) _ A |:H(nz+1,nt) _H(nz,n,):| _ﬂj(nzﬂ/z,n,)
X X e AZ y y & €y
0 0

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

0 1 0 1

CH, (2= ——ZE (2,6) ——J (2.t
G ED= DB
0 1 0 1

CE ()= —— 2 H (2,0) ——J (2t

6t X(Z ) 80 aZ y(Z ) 80 ¢ (Z )

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

pgnen) _ pplnn =) Y [E)(an+1/2,nt—1/2) _E)(an—l/Z,nt—l/2)}_ﬂJI(T:zz,nt—l/D
g g HoAz Ho
EU 120 102) _ plon /2, -1/2) At [H§n2+1,n,) _H)(/nz,nt):| _ngZZH/z,n,)
&z &

FDTD: Yee, K. S.: Numerical solution of initial boundary value problems involving
Maxwell's equations in isotropic media. IEEE Transactions on Antennas
Propagation, Vol. AP-14, pp. 302-307, 1966.
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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

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

ptn) _ ppnn =) Y FO12m=1/2) _ pln.=1/2,m,-1/2) _ﬁj(nz,nt—l/z)
yo o Ty v x ™
1 2m+1/2) _ pln+1/2,m-1/2) _ At [H(nz-i—l,n,) _ g }_ﬂj(nzﬂ/z,nt)
X X g AZ y y £ ex
0 0
At=At At At =—"C  Ar=—"TL A
ref Cref
Az = AXpef Az C = Cref ¢ E=Eref€ H= Hret M Hret = Ho
E, =EE,
3 E f \/gref/uref Eref E f
Hy :Hreny Hp = = E s = = Err = Zre
Cref Href Href Href ref
Jox =JererJex Jeref:Are ref
tref
_ 5 ey _ Ey
me _eref']mx eref - Are Href - A =
tref trefcref
~(ny,n)  ~(n,,n—1) ~| ~(n,+1/2,n,-1/2)  ~(n,—1/2,n,-1/2) ~~(n,,n,—1/2)
Hy ! :Hy ' —At Ex ! —Ex ! :|_Atme !
~(ny,+1/2,m,+1/2)  ~(n,+1/2,n,-1/2) ~| ~(n,+Ln,) ~(n,n,) ~ ~(n,+1/2,n,)
Ex ' :Ex ' _Atli y ' _Hy ! :|_At Jex !
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1-D FDTD - Staggered Grid in Space — Global Node Numbering /
1D-FDTD - Versetztes Gitter im Raum — Globale Knotennummerierung

2727 t 2717 t (nz o7 ) (nz+1nn )
H)(}" ) H(" ) Hy t Hy t

E(n =3/2,n,+1/2) E(n -1/2,n,+1/2) E(rz +1/2,n,+1/2) E(n +3/2,n,+1/2)

14414144—”

Az Az Az Az A A
noo22p 32 12, L2, 2, 12,2, .3
2 2 2 2
H(n_za”t) H(” L) H(n n) H(”+1 )
d E(n—2 n) E(n Ln,) Y (n n,) y (n+1 n)
PRI PN PR »T« J T —
Az Az Az Az Az A
2 32 2. 12 12 2
n,—2 < n, ) n,—1 2y n, - n, n, + ) n, +1 n2+5
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1-D FDTD Algorithm — Flow Chart /
1D-FDTD-Algorithmus — Flussdiagramm

Start n, =1

¢

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

—D I/—}ﬁ)n,n,) _ ?Iﬁf“” -1 B Kt |:Egcn,n, -1/2) B Einfl,nt 71/2)}

v

Compute 1-D Ampére-Maxwell's FDTD equation: For all nodes r inside the simulation region:
E;n,nt -1/2) _Zt|:f_\[(n+l,n,) I/:I(n,n,) :|

~(n,n,+1/2)
Ex""

y 4y

v

Electric current density excitation: For all excitation nodes n:
p(nn+1/2) _ p(nn+1/2) 35 5(n,n,)
EN =E;" AtJ g,

v

Boundary condition: For all PEC boundary nodes n:
~(n,n,+1/2) _
Ey t =0

v

n,=n, +1

No

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

Start n, =1

¢

Berechne die 1D-Faraday-FDTD-Gleichung: Fir alle Knoten n im Simulationsgebiet:

I/_}ﬁ)n,n,) _ ?Iﬁf“”f - AAt |:Egcn,n, -1/2) Egcnfl,nt 71/2)}

v

Berechne die 1D-Ampére-Maxwell-FDTD-Gleichung: Fir alle Knoten » im Simulationsgebiet::
E;n,nt -1/2) _Zt|:f_\[(n+l,n,) I/:I(n,n,) :|

~(n,n,+1/2)
Ex""

y 4y

v

Elektrische Stromdichteanregung: Fir alle Anregungsknoten »

p(nn+1/2) _ p(nan +1/2) 35 5(n,n,)
En1/2) _ o AL

v

Randbedingungen: Fur alle IEL-Randknoten »
~(n,n,+1/2) _
E}™ =0

v

n,=n, +1

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

Maxwell’s equations / Maxwellsche Gleichungen \
0 1 0 1 o [o<z<2z
—H,(z,0)= ———E (z,1) ——Jy,(z,1) for/ fiir
ot Hy Oz H 0<t<T
0 1 0 1
—F (z,t)y= ——H (z,t) —J, (z,t
% +(2,1) o o y(2,0) o ex(2,0)

Hyperbolic initial-

Initial condition / Anfangsbedingung > boundary-vallue problem

— _ . fe Hyperbolisches
H,(z,t) = Jp, (2,0) =0 t <0 | causality / Kausalitit Anf)e:lr)\gs-Randwert-
E (z,t)=Jy(z,6)=0 t<0 Problem

Jex(2,0) = Ko(20) 6(z = 20) f() >0

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

E (0,1)= o} v /

E.(Z,1)=0

E.(0,6)=0 |< ————— E.(Z,1)=0
z=0

th

~

\_N

=
Nh—_1 Vv
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-Losung der ersten beiden 1D skalaren Maxwell-Gleichungen

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

~(n,, ~(n,,n,—1 ~[~(n,+1/2,n,-1/2)  ~(n,~1/2,n,~1/2 ~ A(ny,n,—1/2 1<n, <N,
gy gl —At[EECn+ )Rl )}—AtJ(n’:ynt " for / fiir <N )
I<n <N,
Egcnz +1/2,n,+1/2) _ Egcnz +1/2,8,-1/2) A [ﬁ(ynz +1,1,) B ﬁ(ynz,nt) } iy jgz +1/2,1,)

Initial condition / Anfangsbedingung

gnm) — glnm) _ n <1 }

Y w Causality / Kausalitit
EU=m) = gl = n <1

Jé;lz ,}’lt) — Ké)’:zo ) 5("2 _nzo) f(n,) nt > 1

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

E)(Cl,l’lt) — 0
o) 1<n <N, )
Ex z>"M) — 0
E(l’"’) ~0 Z =AzN, . I?[screte hyperbolic
x initial-boundary-value
\ E)(C"Z’"’),H)(,"Z’n’) problem /
0--0—0—0—0—— ————- EW=2m) — Diskretes
(Ln,) hyperbolisches
H ¥ 0 Az Az Anfangs-Randwert-
Problem
nZ :1 n. = N
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-Losung der ersten beiden 1D skalaren Maxwell-Gleichungen

Excitation pulse: RC2(7) — Time Domain / Anregungsfunktion: RC2(¢) — Zeitbereich

o
w
|
i

Amplitude RC2(?) /
Amplitude RC(?)
]
[

=
w
]
|

0 2e-010 6.25e-010 1.25e-009 1.875e-009 2.5e-009
tins

Excitation pulse: RC2(f) — Frequency Domain / Anregungsfunktion: RC(f) — Frequenzbereich

[ [ | [

- 5_. ..................................................................................................................................................... |
Ss

SRS

=~

.

3 32_5_ ........................................................................................................................................................... ]
€

om

©

=

) | | ]
0 10 252 50.4

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

Ex(z,to) component at different time points t0 Hy(z,to) component at different time points t0
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-Losung der ersten beiden 1D skalaren Maxwell-Gleichungen
E, component atnt = 97 E, component
2 : : : 1250 \ / 2
T IR SU— S—— S— 937.5 / \ 1
£ e = 0
T \/: ’
_2 H | | 0 _2
0 0075 015 0225 0.3 0 0075 015 0225 03
zinm zinm
Hy component at nt = 97 I—lycomponent
2 : : , 1250 / 2
937.5 / 1
o 625 \_ 0
3125« > 1
2 = = 5 0 . -2
0 0075 015 0225 0.3 0 0075 015 0225 03
zinm zinm
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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)(Cl,n,) ~0
E)(CNzrnt) — 0

} 1<n <N,

Absorbing/open boundary condition /
Absorbierende/offene Randbedingung

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

For / Fir Zt =0.5

a plane wave needs two time steps, 2 n, , to travel over one grid cell with the size Az /
braucht eine ebene Welle zwei Zeitschritte, 2 n, , um sich Uber eine Gitterzelle der GréRe Az auszubreiten

E)(Cl,nt) — E-)(Cz,}’lt —2)

o) VoL —2) } 1<n <N,
Ny ) z L=
EW=m) — L

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

Dr. René Marklein - NFT | - Lecture 5/ Vorlesung 5 - WS 2003 / 2004

24



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

S’ 05 L ...................................... ........................................ ...................................... ]
o : 5 f
s 3 :
3 ;
2 ot |
= U \/ |
< | ;

054 ‘ ........................... | ....................................... | | .................................... o

0 2e-010 6.25e-010 1.25e-009 1.875e-009 2.5e-009
tins
Excitation Pulse: |RC2(f})| --- (Frequency-Domain)

R N S R R )

e

S

o

B

L

g 25 L B B B B e B B B L e B e B e S B ety el

=

) | | I
0 10 25.2 50.4
fin GHz
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-Losung der ersten beiden 1D skalaren Maxwell-Gleichungen

Ex(z,to) component at different time points t0 Hy(z,to) component at different time points t0
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FDTD Solution of the First Two 1-D Scalar Maxwell’s Equations /
FDTD-Losung der ersten beiden 1D skalaren Maxwell-Gleichungen
E>< component E>< component

2 T : T 1250

: : : 0.5
1 ------------ ------------ ------------ 937.5

| | | 0

g

0 o 625

; : ; -0.5
I S e A 8125
-0 i H i 0 -1
0 0075 015 0225 0.3 0 0075 015 0225 03

zinm zinm
Hycomponent
2 : : : 1250 1
1 ------------ ------------ ------------ 937.5 0.5
0 625 0
= ------------ ------------ ------------ 312.5 / -0.5
-2 : : : 0 -1
0 0075 015 0225 0.3 0 0075 0415 0225 03
zinm
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FDTD Books / FDTD-Bucher

Kunz, K. S., Luebbers, R.
J.: The Finite Difference
Time Domain Method for

I'““ l: ¢ Ul |T Qe Electromagnetics. 1993

[ime Domdin Metnod

101 EXCCHromagnetics

KARLS, KLUNZ
RAYMOND J. LUEBBERS

Taflove, A. (Editor):
Advances in
Computational
Electrodynamics: The
The Finite-Difference Time-Domain Method Finite-Difference Time-
Domain Method. Artech
House, 1998.

ADVANCES 1IN

ALLEN TAFLOVE
EDITOR

Taflove, A. (Editor):

COMPUTATIONAL Computational
ELECTRODYNAMICS Electrodynamics: The Finite-
The Finite-Difference Difference Time-Domain

Time-Domain Method

Method.
Artech House, Boston, 1995.

e ey Taflove, A. (Editor):
A . ‘l‘ "" A .
M&ENT’;LWE“:SAN:.HAEI&ESS"‘ ComPUtatlonal

2 Electrodynamics: The Finite-
Difference Time-Domain
Method. 2nd Editon,
Artech House, Boston, 2000.
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FDTD Books / FDTD-Bucher

S Sullivan, D. M.:
ELECTROMAGNETIC Electromagnetic

THE FDTD METHOD FDTD Method. IEEE
Press, New York, 2000.
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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:

gygy: _VXER,{) ~d_(R1)

%2@,0: VXH(R,() ~J,(R,1)

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

e, e, e,
v<ERn=| - 22
ox oy oz
Ex(Bﬁt) Ey(Bat) Ez(Bat)
[oE. R OE,R.1) o LJERD) ERH][ERD ERD]
oy oz - oz ox -y ox oy -
e, e, e,
vsHRH=| = 2 2
ox oy oz
H,®R0) H,R1) H.(R1)
|on.Ry OH,(R.D) o JJOH®RD H.Rn] [H,R) H®RD|
oy oz - oz ox - 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,
0

erhalten wir:
55(35 t) = -V XE(Ba t) _Jm(Ba t)
Z[B.R0e, +B,(R e, + B (R0, | )
- aEz(th) _aEy(B’t) e +[6Ex(gat) _aEz(Bﬂt):|e + aEy(B’t) _6Ex(Bat) e >
- oy oz | oz x| ox o |
[V (R ), + iy (R, e, + . (R, e, | J
SDRN= VXHRY 1R

0

Py [Dx (R,Ne, + D, (R,0e,, + D (R, t)gz]

\
_|oH (R,) OH,(R,D) . J{@Hx(g,t)_@Hz(B,t)}e . OH,(R,!) OH, (R,1) e 5
| oy oz | oz ox | ox o |
[ R )¢, + T, (R, D), + T (R, D, |

Six decoupled scalar equations! /
Sechs entkoppelte skalare Gleichungen!
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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 we read /
Wenn wir die letzten Ausdriicke in die ersten beiden Maxwellschen Gleichungen in Differentialform
einsetzen, erhalten wir:

i OE (R,1) |
éBx(gﬂ t) = aEZ (B’ t) - y(_ ) - me(ga t)
ot L oz |
g [OE,(R,7) OE,(R,1)]
—B (R,)=—| — ——= —-J (Rt
ot y(R.1) . oz x| ™ ®.5)
[OE (R, ¢ i
2 p oy LB ERD |, g
ot | Ox v
i O0H (R,?) |
QDX(BJ)= o Ry _oH, R —Jex (R 1)
ot oy oz |
g [0H, (R,t) OH, (R,1)]
—D,(R,f)= x — Tz —J.. (Rt
ot y(R.1) | Oz ox | or(R:1)
[0H (R, ¢ ]
él)z(gat): y(_ )_aHX(B’t) _Jez(gat)
ot | Ox ay
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Constitutive equation for homogeneous isotropic materials /
Konstituierende Gleichungen fiir homogene isotrope Materialien:

< utt (R1) = :aEZa(;—" ) R ’): I (R1)
< (R 1) =~ aEa(f 02 ”: iy (R)
%,UHZ(BJ) i _:aEya(;_z,t) ) aExa(;_z,t): IR
Lok R - :GH PR e t): U ®)
L o (R.1)= _aHya(f’ D o . |-se®n

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

B(R,1)= uH,(R,t) D (R,7)= uE,(R,1)
B,(R,0)= uH,(R,1) D, (R,1)=pE,(R,1)
B.(R.0)=uH.(R1)  D,(R.1)=puE,(R,)

HX
Lam——fF---—- —— - = =4
/’ 1 - 1
- ! . 1
71 0 e ]
Rl e L |
1 1
H. !
Ey i
E |
1
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3-D FDTD - Derivation of the Discrete Equations /
3D-FDTD - Ableitung der diskreten Gleichungen

P .
EHX(BJ) _Hx(B:t)
bt (1) =—| =R aEy(;;—" t)} — T (R, )

HH (R,0)=H™ (2)
T (R.1) = T (1)
OER) _E0-ED @) wof (]

oy Ay
5 @) (5 @
Eya(ZI_i,t):Ey (t)AZ b () +O[(AZ)2}

E0-E0 BV O-E"

E 5y = —Jm
HH (1) N o s , my (1)
A part of the discrete curl operator / £
Ein Teil des diskreten Rotationsoperators y
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2-D EM Wave Propagation — 2-D FDTD — TM and TE Case /

2D EM Wellenaus

breitung — 2D-FDTD — TM- und TE-Fall

2-D TM Case / 2D-TM-Fall 2-D TE Case / 2D-TE-Fall
y =X y=X
e g"eG ,1—’_ g"eG
7= )C3 ‘/ zZ = x3 A/
n=ng > G NN
?— —— -l(’— =1 ) = H(n)[ l ~n) =
: H ¥e Vo B €G
| | I |
(4 ng ‘I/ Ly &1 "/
e A)E.(”) | Dual orthogonal o I
z y | grid system in space / (I I
I I Dual-orthogonales [ I
o e e e - Gittersystem im Raum e —— - -
GLG
0 OE (R,?) 0 OE_(R,t) OE_(R,1)
—uH (RH)= ————J_ (Rt < | R OEARD
Pl «R1) % mr (R, 7) > HH (R, 1) [ pe = } Iy (R,1)
oE (R,¢
ﬁ/qu(Bat):_A_ mz(B:l)
ot ox ggE R1) = _8Hy(3,t) R
o oz o
0 _ | oH,(R,1) OH.(R,) 0 oH ,(R,1)
ot gEy(Bat)_ |: Oz o Jey(B’t) _gEZ(B’t): L—JCZ(BJ)
ot ox
B:x§x+Z§z B:x§x+Z§z
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2-D EM Wave Propagation — 2-D FDTD — TM Case/
2D EM Wellenausbreitung — 2D-FDTD - TM-Fall

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

) =X
/2r> ¢ eG
& X=X /
Z=X «
n=n-
G L]
I H I g €G
| [
H(”) E(”) 1
z y I
[ [
0 OE,(R,?)
—uH (R, ) =—2 - R,¢
o (R, % mr (R,
0 OE,(R,?)
_ﬂHz(Bat):_ z - mz(Bat)
ot Oox

OH,(R,f) OH,(R,1)
Oz Oox
R=xe +ze,

0
EgEy(B’t): |: :l_Jey(B’t)

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

_____________________________
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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

ESm) =0
1<n <N,
E(.’-,n[) — 0 t t
y

Plane wave excitation /
Ebene-Wellen-Anregung

PEC BC/ PECBC/
PW BC / IEL-RB IELRB | pwac/
EW-RB T EW-RB
Slit /
Schiitz
PEC BC /
IEL-RB

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

2,n,,m) _ ~(3,n,,n,)
Ere = B 1<n, <N,
E)(le _lrnz ’nt) — E)(}Nx _27’12 1y _2) IS nt < Nt
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2-D EM Wave Propagation — 2-D FDTD — TM Case/
2D EM Wellenausbreitung — 2D-FDTD - TM-Fall

Z

Ghost grid cells /
Geistergitterzellen

Simulation area /
Simulationsgebiet

7

A Y o
e e S o S —
AT 2 A _i/ .
c el - e S | -~
AT T T 1] §
AT T R |
S 25 SR 5 N ) AR -

P i/ l/ 1/ e

_____________________________________

EM —¢ Hﬁ”) =0 H)(C”) —(0 Ghost components which are allocated
outside the simulation area /
Geisterkomponenten, welche aulerhalb
des Simulationsgebietes liegen

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

yras

yas

x

yas

A

/ Geistergitterzellen
%

-

..'___
|

(z’nznnt) p— (3’nznnt)--- 5
Ey - Ey

- @¢ =
1
1
1

Rk Bt ek EEEN e b

Ghost grid cells / Simulation area /

Simulationsgebiet
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2-DTM ' i i i
- FDTD - Diffraction on a Single Slit /
.
2D-TM-FDTD - Beugung an einem Spalt
20 TMy FOTD result: H, component 2D TMy FOTD result: H, component 2D TMy FOTD result: H, component
200 200 200
05 05
15°= % i 04
160 160 160
i o e ——
2120 2120 2120 -
8 100 0 e ————— B 8100 0
= H =
N 80 N 80 N 80 = -02
& 80 80 —
40) 40 40 0.4
20 20
05 20
ks 0.6
50 100 150 200 50 100 150 200 50 100 150 200
xin cells xin cells xin cells
2D TMy FOTD result: H_, component 2D TMY FDTD result: H, compenent 2D TMy FOTD result: H_, component
200 1 200 200
180 180 03 160 015
160 - 160 o2 160 -
140 140 140
- .
0.05
2120 2120 o § 120 ¢ i\
S 100 0 8100 0 S 100 ‘If 0
< £ £ .
u 8 N80 04 L - -0,05
60) a0 60
05 - -0.1
40) 40 : 40
20 20 0.3 20 -0.45
B
50 100 150 200 50 100 150 200 50 100 150 200
«in cells ¥ in cells xin cells
2D TM‘I FDTD result; Eycomponenl 20 TM‘I FOTD result: Eycornponenl 2D TM‘I FDTD result: Eycornponenl
200 200 200
05
180 05 180
180 0.4
160 160 160
e i e (102
©120 ®120 2120 s W — -
S 100 0 8100 0 g 100 °
N80 w80 N80 — 02
60 0 60 -
40 40 40 -0.4
20 20
-0.5 =0 0.5 -0.6
50 100 150 200 50 100 150 200 50 100 150 200
xin cells xin cells xin cells
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Wave field movie of the H_ field Wave field movie of the #._field
component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente

2-D TM FDTD - Diffraction on a Single Slit /
2D-TM-FDTD - Beugung am Spalt

Wave field movie of the E_ field
component / Wellenfeldfilm der
Ey-FeIdkomponente

Dr. René Marklein - NFT | - Lecture 5/ Vorlesung 5 - WS 2003 / 2004

41



- - -
2-D TM FDTD - Diffraction on a Double Slit /
2D-TM-FDTD - Beugung am Doppelspalt
2D ‘I’M‘,I FDTD result; H: component =p TM}' EDTD result: H: component 2D TM‘,I FDTD result: H: component
200 1 B0z 200 0.4 200 -
180 s 180 180
160 - 160 02 160 0.4
140 01 140 0 140 — 55
g1 : som == N —————
e o 01 2100 - b 21w ——— 0
N 80 ~ 80 —_—_ b N80 = - 02
&0 -0.2 50 B0 - o
40 -0.3 40 -0.6 40 = i
2 -0.4 20 o 20 - 06
50 100 150 200 50 100 150 200 50 100 150 200
xin cells win cells xin cells
2D TM,I FDTD result: H, component 20 TM,. FDTD result: H,, component 2D TM,I FDTD result: H, component
200 1 200
LU0
180 180 03 180 0.2
0.15
160 05 160 0.2 160
- 01
140 140 . 140 : -
© 120 0 120 n 120 .ar » 0.05
o = . . T "l o
% 100 — 0 % 100 — 4 8 100 b | e 15
& c . - = an
I N 80 N 80 — -0.05
0 - &0 -0.1 60 - 0.1
i ' 40 0.2 40 -0.15
20 20 o 20 -0.2
-1 e
50 100 150 200 50 100 150 200 30 .!00 150 200
¥in cells x in cells ¥in cells
20 TMy FDTDresun:Eycomponent 20 TMy FDTD result: E, component 2D TMY FDTDresun:Eycomponent
200 0% 200 d 200 — 0.4
06 — —
180 180 180 — o t — = 0.3
160 0.2 160l 04 160 - :_- i
140 140 140 St
01 0.2 = = = — - - = 01
w120 ———— 0120 e —
H =120 H -_— - i
2100 b 0 §1m_.- S (1] ;100 :—:
N B8O N 80 -_ - N80 — — -0.1
=01 -0.2 —
B0 80 B0 : — ﬁ 0.2
40 -0.2 40 -0.4 40 — 03
—
20 04 20 06 0 — 0.4
50 100 150 200 50 100 150 200 30 _!00 150 200
xin cells % in cells xin cells
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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_field Wave field movie of the #_field Wave field movie of the E  field
component / Wellenfeldfilm der component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente E -Feldkomponente
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Photonic Crystals /
Photonische Kristalle

Photonic Joannopoulos, J. D.,

R. D. Meade, PHOTONIC
Crystals 5N Winn CRYSTALS
g Photonic Crystals — %55313 Praatice
Molding the Flow of
Light.

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

Johnson, S. G.:
Photonic Crystals: The
Road from Theory to
Practice.
Kluwer Academic
Press, 2001.
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zincells

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

Relative permittivity of the background ;) {
& =

Relative Permittivitit des Hintergrundes

Relative permittivity of the rods 114
& =11
Relative Permittivitét der Stibe

Distribution of Permi’rti\.'ityar

200

150

—
(=)
[=)

50

1 50 100 150 200
x in cells
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H -Feldkomponente

Wave field movie of the H_field Wave field movie of the H_field
component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente

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

Wave field movie of the E_field
component / Wellenfeldfilm der
Ey-FeIdkomponente

Dr. René Marklein - NFT | - Lecture 5/ Vorlesung 5 - WS 2003 / 2004

46



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

Wave field movie of the H_ field Wave field movie of the H_field Wave field movie of the £ field
component / Wellenfeldfilm der component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente E -Feldkomponente
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End of Lecture 5/
Ende der 5. Vorlesung

Dr. René Marklein - NFT | - Lecture 5/ Vorlesung 5 - WS 2003 / 2004

48



