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Advanced Computation:
Computational Electromagnetics

Finite-Difference Time-Domain
(FDTD)
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* Concept of the “update equation”
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* Derivation of the update equations

* Total-field/scattered-field source

* Calculating transmission and reflection
* Block diagram of FDTD

* Sequence of code development
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Introduction to

Finite-Difference Time-Domain

slide 3
3
Flow of Maxwell’s Equations
vxE() -2 B(r)=[u(t)]* 7 (1)
ot —_—
A circulating E field induces a A B field induces an H field in
change in the B field at the center proportion to the permeability.
of circulation.
B(1)=[#(1))*E(1) vxii(r) =220
4= ot
A D field induces an E field in A circulating H field induces a
proportion to the permittivity. change in the D field at the center
| of circulation.
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Flow of Maxwell’s Equations Inside Linear,
Isotropic and Non-Dispersive Materials

In materials that are linear, isotropic and non-dispersive we have
I:‘u([)]*:‘u I:g(t)]*:g.
In this case, the flow of Maxwell’s equations reduces to

—

VxE(t):—yanft) — VxI:I(t)zgal;Et)
A circulating E field induces a A circulating H field induces a

change in the H field at the center change in the E field at the center
of circulation in proportion to the b l of circulation in proportion to the
permeability.

\ permittivity.
51 EMPossible slide 5
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Simple FDTD Simulation
STEP 2 of 1000
i EMPossible Slide 6
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Yee Grid

The Yee grid,

behavior are

FDTD.

51 EMPossible

finite-differences,
and numerical

almost identical
for FDFD and

FDFD Vs. FDTD

FDFD assembles the large
set of finite-difference
equations into a single
matrix equation and solves
them simultaneously.

FDTD loops through the
large set of finite-difference
equations and updates the
fields in small time steps.

for T = 1 : TIME
for ny = 1 : Ny
for nx = 1 : Nx
Hz (nx,ny) = Hx(nx,ny) ..

+ (By (nx+l,ny) - Ey(nx,ny))/dx ...
- (Ex(nx,ny+l) - Ex(nx,ny))/dy;

end

end

7

< EMPossible

FDFD Vs. FDTD

STEADY-STATE RESPONSE

This is what FDFD calculates. mmp WWMMWWMMWMMW\W

TRANSIENT RESPONSE

This is what FDTD calculates. mmp

FDFD obtains a solution at a single frequency. FDTD inherently simulates a
broad range of frequencies so a transient response is always observed.

Slide 8
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Example Simulation: Pulsed Radar

HAep a1

=

=
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Example Simulation:
Photonic Crystal Waveguide Bend

ﬁl EMPossible Slide 10
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Example Simulation: Self-Collimation

Cylindrical CW Source

Source in a
Nonfunctional Lattice

Source in a Self-
Collimating Lattice

S EMPossible side 1
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Highly Resonant Devices

Stead-State Transient

FDTD is very slow for highly
resonant devices.

Energy gets “stuck” in the device. -

FDTD has to keep iterating until
that energy escapes.

<) EMPossible Side 12
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Concept of the
“Update Equation”

Slide 13
13
Approximating the Time Derivative (1 of 3)
An intuitive first guess at approximating the time derivatives in Maxwell’s equations is:
Existsatt_ . Existsatz+Ay2
] o (1) o min H(t+Ar)-H(1)]
VxE(0)=-u— = VxE(1)z-u v |
_Existsatr  Bxistsatz+A1/2
q O (1 _ E(t+At)-E(t
VxH(t)=¢ («) - VxH(t)= ¢ ( )=E()
ot ; At
This is an unstable formulation.
ﬁl EMPossible Slide 14
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Approximating the Time Derivative (2 of 3)

We adjust the finite-difference equations so that each term exists at the same point in time.

VxE(1) =1 Eﬂzt(t) = VxE(1)—-u H(t+ At/Q)A—tI;’(t— At/2)
(0 - E(t+At)-E(t)
VA ()=e—" W VxH(t+Af2)=¢

At

These equations will get messy if we include interpolations.

Is there a simpler approach?

Slide 15
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Approximating the Time Derivative (3 of 3)

We stagger E and H in time so that E exists at integer time steps
(0, At, 2At, ...) and H exists at half time steps (A#/2, t+At/2, 2t+At/2,...).

— —

=N oH (1) > t+At/2_ t-At)2
VXE(1)=-u— - VxE| = v
) Bl _F
S aE(t) 7 t+At ¢
VxH(1)=e— - VxH| = v

The spatial derivatives are handled exactly like they are
handled in FDFD.

Slide 16
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Derivation of the Update Equations

The “update equations” are the equations used inside the main FDTD loop to calculate the
field values at the next time step.

They are derived by solving Maxwell’s equations for the field at the future time value.

Al - - ~ At ( .
-~ _ 1+A1/2 t—At/2 é H = H —_ V xE
VX EL sTH At t+A1/2 t-At/2 7, t
B - . ~ At .
7 el E| =E|+—|VxH
VxH (+AL2 € At é t+At t &£ ( t+At/2

ﬁl EMPossible Slide 17
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Anatomy of the FDTD Update Equation
Update To speed simulation, calculate
coefficient these before the main loop.
- = At —
E =F +—|VxH
t+At t o t+At/2
Field at the Field at the Curl of the “other” field at
next time step. previous time step. an intermediate time step
ﬁl EMPossible Slide 18
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Time-Domain UPML

Slide 19
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The 3D PML can be visualized this way...

Recall the Uniaxial PML

A
I N
Sx
0 =%
Sy
O O SxSy
SZ
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Fictitious Conductivities

The perfectly matched layer (PML) is an absorbing boundary condition (ABC) where the impedance is perfectly matched to
the problem space. Reflections entering the lossy regions are prevented because impedance is matched. Reflections from
the grid boundary are prevented because the outgoing waves are absorbed.

o, #1 ol #1
51 EMPossible o, #1 Slide 21
21
Calculating the PML Loss Terms
For best performance, the loss terms should increase gradually into the PMLs.
3
o' (x) () o[ X
s (x)=1+—2~2 o, (x)=
()=t =0 " oA\ L,
() 3
o,y E |y
s =1+ "(y)=—"2
g (y) Jwe, Y () 2At| L,
o 3
SZ(Z)=1+£ '(Z)_& Z
J@% oAl L
L, = length of the PML in the ? direction
ﬁl EMPossible Slide 22

22

11



11/14/2019

Incorporating a UPML into Maxwell’s Equations

Before incorporating a UPML, Maxwell’s equations in the frequency-domain are

VxE(w)=—jwﬂo[ﬂr]H(a)) D(a)):c? [g]E(a))

VxH(w)=0cE(w)+ joD(w)

We can incorporate a UPML independent of the actual materials on the grid as follows:

VxE(w)=-jou, [yr][s]ﬁfw)

Vxﬁ(a’):UE(w)+ja)[s]D(a)) D(w)=¢,[¢|E(o)

ﬁl EMPossible Slide 23
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Normalize Maxwell’s Equations

We normalize the electric field quantities according to

1

My ) o \ Ho€y

D=c,D

oy
|
&
|

| i
oot}
bzl
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Vector Expansion of Maxwell’s Equations

£ E
OE, (w) a’r(w):—jw&ﬁHx(w)
oy 0z ¢ S,

Vxé(w)=fjwm[s]ljl(a)) —)

c, Oz ox c, S,

Vx i (0)=n,0E (0)+ 22[s]D(0) -

c 0z Ox B cq S

ol 12225
D (0)=2.E (o
D(0)=[5]E(0) wmp D, (0)=,E, (o
D.(o)=¢.E.(o
51 EMPossible Slide 25
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Maxwell’s Equations with a UPML
Neglecting the loss term, we have f"’[”,‘:jg j I[Hj:g ][ngi ]Hx(w):—;*“{%}(w)—@}
wé(w):—_m%[s]ﬁ(m - jw[ujj}iﬂ](Hjz;oj"[H‘/Zé%]H‘_@:_ﬂ@_@gﬁw)}
s o e
/w(nm ] [ng ][1+j:)iojli(a'):c FHay(W)_aHaz(w)}
V(@) =noE (@) 226150 m jof1e-Z 1o 108 (o) [ 2T
jm[l+]w€ ][H]{M ][ +j:)i0 ] b.(0)=c FHQ‘aiw)_aHéy(w)}
B(0)=5.E, ()
D(w)=[¢,]E(w) wh D, (0)=¢,E (o)
b.(@)=2.E.(0)
ﬁl EMPossible Slide 26
26
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Same Equations in the Time-Domain

11,0+ 2% 1 )+ 2% [ 1, (e)ae = -2 L)) e (128 (0) (D),
or & 0 2 Uy oy 0z | Ep.d| Oy oz
LH, (1) +ZF H),(t)+L?ZJ.H)‘(z—)d1-:7070 OE(1) 9E.(¢) ,ﬂj‘ OE () 2E.(7) dr
’ ) & 9 4y, Oz ox 1 &ny, d Oz ox
2 g )+ ZE% )+ 2 Hz(fm:A[LEWUE*“) _ao! j["’ v(’UEx(f)}df
o & & M| Ox o | Eu.d| Ox Oy
QD‘ (t)+0 +o! f)v(t)-#J"zaz ID\ (£)dr=c, oH (1) oH,(1) +ﬂj‘ oH.(r) oH,(z) "
ot & & | oz | & Y| Oy oz |
35,(:)#’ +ol 5 (1)+ z:ID (F)dr=c, oH, (1) oH (1) +ﬂj‘ 0H,(r) oH.(7) i
o’ £ o 2 0z ox g I o ox |
b (0)+ 2% b, 0+ 2% [ b, (o) = | ) 2L |t 1| D) ()
ot £ : & | ox o | & J| o oy
D (t)=e.E(t
D, (t)=¢,E,(t
, D (t)=¢ E (1)
51 EMPossible Slide 27
27
Update Equations
Slide 28
28
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Finite-Difference Approximations

Putting all the terms together, the equation is

1 ! ’
0,0,
+ 2
. ‘90

oH (1) s

ot ‘
|
! 1 \ 1
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! \\\ \\‘ K ‘\
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\\ N ’d 3 TN
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\ Al / ] AN
A\ // \‘
i jk ijk s, I ijk i jk ) \
— t=At/2
x /2 x /2 o ol At X / X4 Atf2 - ik |
t+At/ 1-Atf2 ; ;Y z t—At[2 1+At/ + Z H\ J !
.2 T i
At /'/ & 4 T=At/2 |
I/ :
,/ Jok 1 l'
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Sumn 1ary of All Numerical Equations
Ik r
ik ik wfirk | i [ H[M 7 "‘ "‘)A sy ok
H, ,,m/z’H\,,m/z_*_ ‘ *6:‘ 1+ ! 1 oI . .,k zz ik |___ & ik GALoy / XCL ik
At ) 4y s 2 ) 1= N u ]t =T
ik ik i ik k[ H v/k r/l< r
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A + 2 4 '1"+ ,\/ = ik O, » r/x
»/k !/K k ivJ k. r 7
i i N8 i+ K -7 I &
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H\ +H;\ PO O A B o [ 7,,AZC ;
At £ =) ™ | & 11|
Sk < [k Dk plidk [ ik fik u‘/* ’/")Af &
i PN, g, ‘ +o. ‘ (D ear ’71(5,”*443\ ’M)*lzl\:ﬁ\ ok et ik Co zc,,ux
At P L L4 i A “ a2
Sk~ [k Dk ik 13 rm < ik n’/‘ ‘M)At ik =
vl ~ P2, +a\ ‘ " D(]j 5L "M)+§5 ‘r./.k e ,,x cﬂAm ZCHMA
A 50 L ARt 7l 0y uAr/’
sk ik Dlik  pliik (& ik =ik n’/‘ ‘/* At Dk =
D, -D. . +0,‘ D, [1 Lok ik Y~ ik ik cﬂAra:‘ ik
o A lrear —(D D )*'ZD" e AL N ‘
At £ L L4\l T &7 = a2 Py -
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4 !
5: ik _ (g; ik )E ik
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Solve for H. at the Future Time Step

Solving our numerical equation for the H field at t+At/2 yields

lisd K ik
e A o R e S

Wk
A

1 Yett)o -
o, o. 4 2 " i .
Nuiield Harsomps)s S --—Sre - SMal g o
At 5 2 & L R ] ™ sou " T
) O_'”‘,./.A N o_:”‘:./.ln (O_il ’va‘)(giu"-’-‘ )At
Ar - 2
e At 2¢, 4g, 1 <:ﬂ/y“\"” et
s i ok ik alB RN )ik “: at ik ok ik \( gk * ‘,
o N O e o G e N T e e G
—+ + 5 — 4| + >
At 2¢, 4¢, At 2¢, 4e,
Aol -7k
t O s s
Cy - ) Af(o'ﬂ”ﬂ)(o-:”"”)
. g0 pl zcs"«u & [
At

. A 2¢, 4g;

0

A
P
i 2
) H
. [O_YH‘.JJ +U:H‘:,/,A] (D_C,‘y./.k)(o_:,r.,.k) L * . [U{""“ +o-:”“'/'kJ (D_C,‘r./.k)(o_:,‘r./.ﬂ)At ; xlr
+ + < —+ +
At 2¢, 4y t 0
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Final Form of the Update Equation for H.

The update coefficients are computed before the main FDTD loop.

ik ik ik i)k
1ok 11 [id ok H " J n‘ 1 [idk [k n‘ n‘
Y TR ot G G WA N e W o S
Hx0 T Ar Hy = i T -
g At 2¢, 4] . 2¢,

o 3
ero‘ [At 4¢,

1 [k
‘1,/‘1. 1 Ao, ‘

ik 1 [N
mH\Z‘ - -

-0 ik L At ik gl
ik ik Mys| = g Ik meA‘ ST 2 o, ‘ ol ‘
mm‘ /ln‘ mH\u‘ 0 /A\‘ mH\U‘ 0

The integration terms are computed inside the main FDTD loop, but before the
update equation.

‘

ijk E

/A : C-Y
T=0

The update equation is computed inside the main FDTD loop immediately after the
integration terms are updated.

i,j,k)H

x

~ i, j+Lk ~ |i.j.k ~ i, j.k+1 ~ |i,j.k
ijk E E

Cl:

ijk
I(?Ex .

IHx

i.jk z / rl; y
; =

g Ay Az

A
-
ij.k
AT z Hx
= T=0

ij.k

i,j,k
t+A2 M

i.j.k i,j.k E i)k
t-At)2 + (mez ) CX

x

CEx

i)k i)k
) + (mez ) 1

ik
+ (me4 ) Iy,

t t
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Final Form of the Update Equation for A,

The update coefficients are computed before the main FDTD loop.

e [O_\Hux +0_:H‘» Jk J (UII‘MA)(J:'"M)AI » . " . [O’AH ‘:./.k +0_:,‘»./.A ] (0_{,‘:./1)(0{,‘1,;4 )AT}
0 I - - 80

=—+ my,, = — P
2¢, 4g2 ol "~’~‘ LA: 2 482

Mg At

My

jiik
ik 1 C, ioj k 1 c,At 9, ‘ i)k 1 At [ ik [k
mmz‘ == ik ik mmx‘ == ik m/m‘ = 7% 2O ‘ o, ‘
‘ & ;1”‘ m, &

i.J.k
ero‘ H\O‘

The integration terms are computed inside the main FDTD loop, but before the
update equation.

1
ik £
’ B Z Cy
=0

The update equation is computed inside the main FDTD loop immediately after the
integration terms are updated.

~ ikt~ ik~ Lk~
-E E E

i.j.k

i,j.k x x z z

t t t

5 Az Ax

t

ij.k
T

At
A
ijk 2
|a=>H,
A
2 T=0

ij.k
t

1,

c

[CEy

i)k i,j.k i)k i)k E |is -k i)k i)k i)k i)k
H.v A = mHyl Hy P + mHyZ C,v 4 + mHy3 ICEyr + mHy4 IH'y A
2 2
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Final Form of the Update Equation for A,

The update coefficients are computed before the main FDTD loop.

INE INE inj k injk I IR inf K i)k
. ‘“’-‘:LJr O'AH‘M‘FO"H‘M +(<7\H‘/ )(af"/ )At [ < 1 [1 O'AH‘/A‘FO"H‘/A 7(05‘, )(G\H ' )At
o t 2 8 2¢, 482

" . _
2 Hzl INR3
A £ 45 ol {At
Py
ik 1 [N i.jok 1 c,At O ‘ iojk 1 At [ ik \[ ik
’"Hz:‘ =" ik ik Mygzy == g ik mny, 4‘ =3 T g2 o ‘ [ept ‘
Myzo ‘ M. ‘ Myzo ‘ L ‘ My ‘ 0

The integration terms are computed inside the main FDTD loop, but before the
update equation.

o =k _ - ”” i
¢ 1771 i+1,j,k _ i,j.k i,j+1.k —E i,j.k
ijk £|ik i.jk ijk £k y > . .
I =) C Ll 'w=>H CET =T . :
2l 2, 2, zlr z |, A A
T=0 2 T=0 y

The update equation is computed inside the main FDTD loop immediately after the
integration terms are updated.

ik ik i)k ik \ ~E |k i)k i)k i)k i)k
H, " —(mHzl )Hz Y +<mHZ2 )CZ ) +|my,, [CEZ’ +(my,, I, e
2 2 2
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Final Form of the Update Equation for D,

The update coefficients are computed before the main FDTD loop.

ik ik p|k\( _p|iik ijk ijik p|Ik\( _pliik
.1 ol +a? o, ‘ 0. At 0 1 1 o +a? g, o. At
m ‘l,/,}\ _ W2 2 N m ‘l,/,k _ v B
Dx0 = 2 Dxl - ik | A. 2
Al 2, 4z M| {At 2¢, 4
i ik
ik _ ¢ k1 GAto, ‘ ik _ 1 At _piik\[ _ppiik
mrm‘ = 3 mnn‘ = Tk mm‘ == ik 2\% o.
mum‘ mum‘ & mD\'D‘ £

The integration terms are computed inside the main FDTD loop, but before the
update equation.

Al P
ti?’ i,j.k i j—Lk i,j.k ijk-1
o t—At P A - ; - y
ij.k 1|k i)k ~ |l 1 |i2J ok Zl+4r Zl+Ar V4 Y+
Ten A - G T Ip, - Z D, T %y = ] A o ] Az 7
2 T=0 T=0 2 \y

The update equation is computed inside the main FDTD loop immediately after the
integration terms are updated.

~ i)k i,j.k

i,j,k)bx
-t

i,j.k

; ( i j.k
m
H% Dx3

i)k
A +(me4
2

i,j,k)C;:.,

i,j.k ) I

= +
I (mel (mez ol - As
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Final Form of the Update Equation for D,

The update coefficients are computed before the main FDTD loop.

Lk ik ik ik
piik pliik n"/ n‘ pliik p|iik D‘ n‘
ik 1 Oy ‘ +o. ‘ O o: &% 07,k 1 1 of ‘ +o! ‘ o, o. At
mn\u‘ =—t + -

) Dyl ‘ i,k 2
At 2¢, 4¢, Mo ‘ At 2¢, 4¢,

"" k )

D i)k
ik 1 GAlto, ‘ ik I At piik\[ _ppeik
= ‘L.,.ff mnm‘ mw‘ == — o ‘ o ‘

Mpyy = ‘t./-k

Mpy My

The integration terms are computed inside the main FDTD loop, but before the
update equation.

At
- i)k RS i-1.j.k

ik
i.jk ik ik & < ik ik s wley H, g el
A = CJ" T ID" v ZD" T CJ" et T ] - ]
B T=0 2 Az Ax

T=0

1

CHy

The update equation is computed inside the main FDTD loop immediately after the
integration terms are updated.
i'j’k)lD),

i\ ~
)2,

o i)k i, j k i,k

i,j.k i,j.k
T mDy}‘ Ieyy,
2

At +(mDy4

-2
2

i,j.k

v

ik \
)CV

=|\m +\m
1+At ( Dyl ( Dy2
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Final Form of the Update Equation for D,

The update coefficients are computed before the main FDTD loop.

Lk ijk . ik ik
Dlidk DIk O_D" J oP At pliik pliik O_D‘ O_D‘ At
o1 el () I RO e i
Mp.o = 2 Mpy = ik | Ag 2
At 2¢, 4, me(l‘ At 2¢, 4,
) ik
Lk G ik _ 1 GAto; ‘ ik 1 At pli-ik plivik
mp, ‘ = ik ”’Dﬂ‘ = Pk = mn:4‘ == Tk ? o, ‘ o, ‘
mp.o ‘ Mp.g ‘ 0 Mp.g ‘ 0

The integration terms are computed inside the main FDTD loop, but before the
update equation.

ij.k i-1,j.k

At
- ik ij-Lk
i ijk i LA ik i,jk Vi ~ Myl lppa T | u
I ijk CH L 7 ‘;,b/,k _ D~ S H| ik 4 My Txlay ey
CHz| _ar = z Dzli-nr — 2|7 R Ax A
2 T=0 T=0 2 \y

The update equation is computed inside the main FDTD loop immediately after the
integration terms are updated.

~ i,k ik \ ~ |isJsk i,k i,j.k i,k i,k ij.k i)k
=l ar :(szl ' )Dzl +(sz2 ! )CzH LA +(sz3 ! )[CHZ ljg+(sz4 ! )[Dz ,_]A,
2 2
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Final Update Equations for E,, E|, and E,
The update coefficients are computed before the main FDTD loop.
ik 1 i,j.k P 1 ijk 1
Exl ik mEyl‘ Tk Mg, T
£, -
The update equations are computed inside the main FDTD loop.
~ |i,/.k _ ij.k\ = |k
E"’ (A (mEXl )DX 1+Al
~ i,k i, j.k\ ~ |i.j.k
E‘" (+AL = (mEyl| ) Pevae
S VL ik &[Tk
orar (mEZ] )Dz t+ At
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Total-Field/Scattered-Field
Source

Slide 39

39
Source Types: Simple Hard Source
FIELD AT STEP 1 OF 1500
15
1 |
05 \
0 |
05 |
1 |
15 |
0 0.2 04 06 0.8 1 12 14
z
The simple hard source is the easiest to implement, but the location where the source is
injected reflects waves 100%.
It is difficult to control the amplitude of this wave since power it injected in all directions.
ﬁl EMPossible Slide 40
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Source Types: Simple Soft Source

FIELD AT STEP 1 OF 1500
15

05

0.5

-1.5
0 0.2 04 0.6 08 1 12 14

The simple soft source is almost as easy to implement and the waves pass completely
through the location where the source is injected.

It is still difficult to control the amplitude of this wave since power it injected in all directions.

ﬁl EMPossible Slide 41

41

Source Types: TF/SF Soft Source

FIELD AT STEP 1 OF 1200
15

1
05
0
0.5
-1
-1 50

01 02 03 04

The TF/SF soft source is more difficult to implement, but is a soft source that is transparent
to waves.

This method provides complete control over the amplitude of the source.

<ﬁ| EMPossible Slide 42
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TF/SF Framework

w

(<]

=

Scattered- =

Field o

@

=

Reflection Plane i S - — — — — — — — — — — — — — o

TF/SF Planes Q
Total-
Spacer Region Field

Unit cell of §

real device =R

=

o

Spacer Region o

Transmission Plane

51 EMPossible slide 43
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Grid Scheme for Doubly-Periodic Devices
For doubly-periodic devices, a PML is only
needed at the z-axis boundaries.
Reflection Plane§
TF/SF Planes
Spacer Region
Unit cell of
real device
Spacer Region
Transmission Plane
real device
4= FDTD grid
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Corrections to Finite-Difference Egs.

Scattered-
Field

Every cell along the
TF/SF interface requires | === ===
a correction term.

Reflection Plane
TF/SF Planes

Spacer Region
Total-

Unit cell of Field

real device

Spacer Region

Transmission Plane

[ 3= -
\'7 ¢ _.(",( (& |

S

ﬁl EMPossible Slide 45
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Typical View of 3D-FDTD with TF/SF
B MATLAB’s slice () function was
L used to generate this plot.
Gaussian Pulse 1 N
W EMPossible Side 46
46
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Calculating Steady-State
Fields

Slide 47

47

transformed using an FFT.

REFLECTED SPECTRUM

S

< EMPossible

reflected field

Brute Force Fourier Transforms

The easiest, but least memory efficient, method to compute a Fourier transform is to perform a simulation and
record the desired field as a function of time. After the simulation is finished, these functions can be Fourier

TRANSMITTED SPECTRUM

"’:UU\A/\J\JU |

transmitted field

/

=1

e [ [ |

SOURCE SPECTRUM

.
Ng

source Slide 48

48
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Efficient Fourier Transform (1 of 2)

The standard Fourier transform is defined as
o0
F (f) _ J’ f(t)e—jZ;rﬁ
—00

If the function f(t) is only known at discrete points, the Fourier transform can be
approximated numerically as

F(f)= Y/ (mAt)e A

This can be written in a slightly different form.

F(f)= Atmf_}(eﬂ”m J' f (mav)

51 EMPossible

Slide 49

49

Efficient Fourier Transform (2 of 2)

The final form on the previous slide suggests an efficient implementation. The Fourier transform is updated
every iteration so by the end of the main loop:

F(f)= Atmi(e””f“ V' f (m)

This is simply the field value of
interest at the current time step.

This multiplication can be done after
the main FDTD loop in a post-
processing step.

o127

This “kernel” can be computed prior to the main
FDTD loop for each frequency of interest. The
kernels can be stored in a 1D array.

< EMPossible

Slide 50

50
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Efficient Fourier Transform Algorithm

Compute Kernels
_ i2mfiit
| K =e

\2

Initialize Fourier Transforms J

F;_

=0
ves | Finalize Fourier Transforms .
_Done? | F oA F Finished!
\ i i
lno

Update H from E |

\/

Update E from H |
\ 2

Update Fourier Transforms

E|., =F| +(K)"-E"*|
|

t+At

51 EMPossible Siide 51
Calculating Transmission
and Reflection
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The Fourier Transforms

We typically start the computation of power by Fourier transforming the reflected and
transmitted field using one of the methods described previously. Typical FDTD simulation
results look like this...

. SOURCE SOURCE SPECTRUM
08} { 500
E,(1)] i FFT[E, (1)]
£ 200
= ‘ 100 \_\
oll y et " . " |
¢ “ Time (fs) ® n ! o “ FI-)(:I‘:S"K\!T;"(:{: o 0
~ REFLECTED REFLECTED SPECTRUM
A roll-off is observed in ol ) ’ wof r RN
the frequency ) E. (1) wll | {;\ FFT[Eref (t)] ‘
responses. el | 200/ / vq A
. 3 ail | 100 J v ~ 1
This occurs simply [ ) P | b \/ ‘\_ Pl
because there is less g . 15 o i w0 @0 e &0
power |n the source at 7 TRANSMITTED TRANSMITTED SPECTRUM
the higher frequencies. ol E, (I) | 500 FFT[Etm (t)] ]
04 { 400 4
It does not mean the 03f { %0 1
device is less reflective el TZZ \/\/ :
or transmissive. K & W ) o w %W o
ﬂ EMPOSSible Ime (fs) Frequency (TH2) Shde 53
53
We must normalize the spectra to calculate transmittance and reflectance. We do this by dividing the
reflection and transmission spectrum by the source spectrum.
REFLECTANCE TRANSMITTANCE
; . . ) . . . .
08 08
086 06
04 04
02 0.2
0 . . . . 0 \ -
0 100 s 300 400 500 600 0 100 200 300 400 500 800
Frequency (THz) Frequency (THz)
/ REFLECTANCE + TRANSMITTANCE \
1
2 2
r(p)=| ELE O] 7(r)=| FELLEm ()]
= — = = 06 _ = — =
HRRT[E, (1] o C)=RUNT(S) I FFT[E, (1)]
0.2
% 100 200 300 400 500 600
Frequency (THz)
It is ALWAYS good practice to check for energy conservation by adding the reflectance and
. . N . L .
<ﬁl EMPossible transmittance and ensuring the sum equals 100% (assuming no loss or gain in your device). -
54
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Block Diagram of FDTD

Slide 55

55
Block Diagram for £, Mode (1 of 2)
Define Device Parametersl Inltlallzatlon"'
l
| Define FDTD Parameters |
‘ Compute Grid Parameters | Compute Update Coefficients
mHx1, mHx2, mHx3
mHyl, mHy2, mHy3
‘ Build Device on Grid | mDzl, mDz2, mDz4
mEz1
| Compute Time Step | Il
il Initialize Fields
‘ Compute Source | | ix, Hy, Dz, Ez
1 !
Compute PML Parameters | Initialize Curl Arrays
CEx, CEy, CHz
{
Initialize Integration Arrays
ICEx, ICEy, IDz
5 EMPossible + Side 56
56
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Block Diagram for £, Mode (2 of 2)

Main loop...
:\Doi?>E>Finished!

lno

BC’s _,{ Compute Curl of E
CEx, CEy

i

Compute Curl of H
CHz
i1l

Update D Integrations
IDz = IDz + Dz

Update H Integrations ‘ 1
ICEx = ICEx + CEx
_ Update Dz
ICEy = I(iEy ar CEy | Dz = mDzl.*Dz + mDz2.*CHz + mDz4.*IDz;

!

Update H Field -
Inject Source

Hx = mHx1.*Hx + mHx2.*CEx + mHx3.*ICEx;
Hy = mHyl.*Hy + mHy2.*CEy + mHy3.*ICEy; Dz (nxs,nys) = Dz (nxs,nys) + g(T);
Update Ez
Ez = mEzl.*Dz;

Visualizé Fields |

51 EMPossible Slide 57
57
Block Diagram for H, Mode (1 of 2)
| Initialization...
| Define Device Parameters |
| Define FDTD Parametﬁl
Compute Update Coefficients
‘ Compute Grid Parameters I mizl, mHz2, mHz4
mDx1, mDx2, mDx3
mDyl, mDy2, mDy3
| Compute Time Step I mEx1, mEyl
!
| Compute Source I Initialize Fields
l Hz, Dx, Dy, Ex, Ey
‘ Compute PML Parametersl i
Initialize Curl Arrays
CEx, CEy, CHz
i
Initialize Integration Arrays
ICHx, ICHy, IHz
<) EMPossible + Side 58
58
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Block Diagram for H_ Mode (2 of 2)

Hz = mHzl.*Hz + mHz2.*CEz + mHz4.*IHz;

;\_%Fmished! Main loop...

—

BC’s —p] Compute Curl of E
| CEz
!

Update H Integrations
IHz = IHz + Hz

!

Update H Field

CHx, CHy

i

Update D Integrations ‘

Compute Curl of H |

ICHx = ICHx + CHx;
ICHy

ICHy + CHy;

!

'

Inject Source

Update D Field

Dx = mDx1l.*Dx + mDx2.*CHx + mDx3.*ICHx;
Dy = mDyl.*Dy + mDy2.*CHy + mDy3.*ICHy;

Hz (nxs,nys) = Hz(nxs,nys) + g(T);

| !

Update E Field
Ex = mEx1l.*Dx;
Visualize Fields Iy _IEvi DV

51 EMPossible Slide 59
Sequence of
Code Development
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Step 1 — Basic Update Equations

The basic update equations are implemented along with simple Dirichlet boundary conditions.

STEP 2 of 1000
Dirichlet Boundary Condition

Dirichlet Boundary Condition
uonipuo) Aiopunog 13jya21iq

Dirichlet Boundary Condition

ﬁl EMPossible Slide 61

61

Step 2 — Incorporate Periodic Boundaries

Periodic boundary conditions are incorporated so that a wave leaving the grid reenters the
grid at the other side.

STEP 2 of 1000

Periodic Boundary Condition

Periodic Boundary Condition
uonipuo) Aippunog aipoliad

Periodic Boundary Condition

ﬁl EMPossible Slide 62

62
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Step 3 — Incorporate a PML
The perfectly matched layer (PML) absorbing boundary condition is incorporated to absorb
outgoing waves.

STEP 2 of 500

51 EMPossible

Slide 63

63

Step 4 — Total-Field/Scattered-Field

Most periodic electromagnetic devices are modeled by using periodic boundaries for the
horizontal axis and a PML for the vertical axis. We then implement TF/SF at the vertical

center of the grid for testing.
STEP 2 of 500

Periodic Boundary Condition
uopipuo)y Aiopunog 2ipoLiad

< EMPossible

Slide 64
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Step 5 — Calculate TRN, REF, and CON

We move the TF/SF interface to a unit cell or two outside of the top PML. We include code
to calculate Fourier transforms and to calculate transmittance, reflectance, and conservation
of power.

STEP 10 REFLECTANCE AND TRANSMITTANCE
0 1 12
001 08
1
06
0.02
0.4
02
0.04 Ao
00s 502
04
% 04
008
06
007
L | Ros
008 ’ 0

0510 5 10
Frequency (GHz)

I “
b=

51 EMPossible
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Step 6 — Model a Device to Benchmark

We build a device on the grid that has a known solution. We run the simulation and
duplicate the known results to benchmark our new code.

STEP 10 REFLECTANCE AND TRANSMITTANCE
0 1 1
o 08 |
e 1-
0.6
002
0.4
003
ai 02
004 1o
005 Ho2
04-
%, 04
005
06
007
08
008 0

requency (GHz)
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Summary of Code Development Sequence
Step 1 - Basic Update Step 2 — Basic Update
+ Dirichlet + Periodic BC SRR Ldd PML Step 4 - TF/SF
[ . \ |
i I
n

Step 5 — Calculate Response Step 6 — Add a Device and Benchmark

08 — 1

ME : » |

Srsne v n': 0 s T % @ jv

) EMPossible Side 67
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