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Computational Science:
Introduction to Finite-Difference Time-Domain

Scattering Analysis

Lecture Outline

* Introduction

* FDTD for Scattering Simulations

* Formulation of NF2FF Transformation
* Implementation

* NF2FF in Two Dimensions

* Simulation Examples
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Introduction

Slide 3
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Animation of Scattering Analysis

* Finite object

TF/SF on all surrounding sides

* Interested primarily in the scattered-field

* Usually the goal is to quantify scattering in the far field.

FDTD Simulation
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Suppose the electromagnetic fields VERY far away from an object are to be calculated.

What is NF2FF Transformation? (1 of 2)

How can this be done? Should the simulation just use an extremely large grid?

W EMPossible

Slide 5

W EMPossible

What is NF2FF Transformation? (2 of 2)

Instead, perform a small simulation and use the NF2FF technique to calculate the fields very
far away. This is MUCH more efficient!

BIG SIMULATION!!

NF2FF

Little simulation + NF2FF

Slide 6
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Representing the Far Field

Usually the far field is plotted in cylindrical (2D) or spherical (3D) coordinates.

FAR FIELD

i EMPossible Slide 7
Basic Outline of Scattering Analysis
Step 1- Step 2 - Step 3 -
Build object on grid Simulate object Calculate steady-state field
Step 4 - Step 5—
Perform NF2FF Post process
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FDTD for Scattering
Simulations

Slide 9

Grid Scheme

scattered-field

y-lo
total-field

The source is bounded on
all sides so that the entire
outer portion of the grid is
scattered-field.

x-lo
g-x

y-hi

W EMPossible
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Recall the Curl Calculations

E Mode H Mode
i~ i o it~ i
R z|, _Zl Ei,j_ z|, _Zl
Cx s - A C‘c 4 - A
y 4
~ i+l ~ (i) ~ i+l ~ i
CE’V!'__ . |, CEi,j: ; 2|,
Il Ax Il Ax
i il,j - " o ith o~ i) o~ fij o~ i)
N ~-H, H ijo ij ¥ E _E
wl-r y ,+% k 7+% x ,+% X 7+% E|"/ _ Y Ye P x|,
= — z =
“ ey Ax Ay 4 Ax Ay

Note: the terms in red identify terms that require modification in the TF/SF framework.

W EMPossible Slide 11
On the x-lo side, only CEy and CHz require modification.
~ ik Lk ~ i = [h-L) ~ i)
Ela—LJk __ E: . e 2 _ _Ez ‘ _Ez ; N z,s1¢ |,
vl Ax Ax Ax
8 T B -4 A - A
H|" t+5- P+ Xle+3 Xle+5
ey Ax Ay
i i-1,j i e i-1,j
Vl+at Vledr e Tk t+AL N
Ax Ay Ax
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x-hi Side
On the x-hi side, only CEy and CHz require modification.

ihH+l,j =

iy,] ~ |+, j ~ |iy,J ~

i
Z’J_ Zt t

t

Ax - Ax Ax

E
Cy

bFLj bsJ i+l,j iy +1,j-1
o |t Iy Vlpya ey Tl
ey Ax Ay
btlLj ihs] ih+l,] ih+1,j-1 0]
_ Ylear Yleear o r+4 xlp+a n YoSIC A
Ax Ay Ax
W EMPossible Slide 13
On the y-lo side, only CEx and CHz require modification.
~ i) ~ i1 ~ i1 ~ i1 ~ i,
i j -1 z - E - E
CEsl _ ¢ z|, _ z|, z|; _ z,s1C |,
X
‘ Ay Ay Ay
L =L 7 [ i1
o i Vs Vst _ dek T (+4
sy Ax Ay
i, ji i-1j, iji ij-1 i,j—1
y At - y At Hx lAr - Hx IA/ X,Src At
_ t+4 A t+5- t+5- t+5-
Ax Ay Ay
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y-hi Side

On the y-hi side, only CEx and CHz require modification.

~ |, j,+] ~ i) ~ |i,j,+] ~ |i,j ~ i,j,+1
CE i), _ 7|, - z|, _ z|, _Ezt zs1C |,
X
’ Ay Ay Ay
i,j,+1 i-1,j,+1 i+l ijs
i,j+1 R P, Ty Hx il _HX ‘A“/
H |2 _ t+5 t+5 . t+5 Xle+5-
° leed Ax Ay
ST SO ARy A e A
_ +5 t+5 Xle+ 5 Xle+ot S le+at
Ax Ay Ay
W EMPossible Slide 15

Deriving a Sinusoidal Source Function

The general expression for the normalized electric field component of a plane wave is

lf?(x,y;t):f’cos(a)t—EOF): Pcos(a)t—kxx—kyy)

The equivalent expression for the magnetic field can be derived by substituting the above
expression into Faraday’s law.

fi- |
H,

(lgxﬁ)cos(a)t—EOF): &

P (lgxﬁ)cos(a)t—kxx—kyy)

W EMPossible
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Sinusoidal Source Functions for the E Mode

The E'mode has P, = P, =0 and we set P, = 1. Thus, the source functions reduce to

E (x,y;t)= cos(a)t—kxx—kyy)

A

H, (x,y;t)=k i cos(a)t—kxx—kyy)

Y

K,
H,(x,y;t)=— 3 Z” cos(a)t—kxx—kyy)
W EMPossible Slide 17

Numerical Equations for Sinusoidal Source Functions for the E Mode

In terms of array indices, the source functions are

i,k
1

L)k
" = cos( @I AL~k Ax— k, jAy)

i-LJ r gr . .
- =—kx\/;cos[a)(T+0.5)At—kx(11 ~0.5)Ax—k, jAy |

h+lj

z,8TC

y.sre

= cos| @At —k, (i, +1) Ax—k, jAy |

z,81C
’ T

i) n &, . i
T+jo.5 _ _kx\/;cos[w(T+0.5)At—kx (i, + O.S)Ax—ky]AyJ

i)

Z.81¢ | p

V.81

E

= cos(a)TAt —k iAx —kyley)

H ij—

X,Src

L=k, [ cos[ (T +05) At~k it —k, (j,~0.5)Ay]

r+05
/Llr‘

7 cos[ @T Atk it —k, (j, +1)Av]

z,s1C

T

e o léy\/f?cos[a)(r +0.5) At~k idx—k, (j, +0.5)Ay |
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Code Snippets for Sinusoidal Source

TF/SF FOR CURL OF E
EzO = RAMP(T);
%xlo
Ezsrc = EzO*cos (2*pi*f0*T*dt - kx*nxlo*dx - ky*[nylo:nyhi]*dy);
CEy (nxlo-1,nylo:nyhi) = CEy(nxlo-1,nylo:nyhi) + Ezsrc/dx;

%$xhi

Ezsrc = EzO*cos (2*pi*f0*T*dt - kx*(nxhi + 1)*dx - ky*[nylo:nyhi]l*dy);
CEy (nxhi,nylo:nyhi) = CEy(nxhi,nylo:nyhi) - Ezsrc/dx;

sylo

Ezsrc = EzO*cos (2*pi*f0*T*dt - kx*[nxlo:nxhi]'*dx - ky*nylo*dy);

CEx (nxlo:nxhi,nylo-1) = CEx(nxlo:nxhi,nylo-1) - Ezsrc/dy;

$yhi

Ezsrc = EzO*cos (2*pi*f0*T*dt - kx*[nxlo:nxhi]'*dx - ky*(nyhi + 1)*dy);
CEx (nxlo:nxhi,nyhi) = CEx(nxlo:nxhi,nyhi) + Ezsrc/dy;

TF/SF FOR CURL OF H
Hx0 = + (ky/kO0)*RAMP (T) ;

Hy0 = - (kx/k0)*RAMP (T);

$xlo

Hysrc = HyO*cos (2*pi*f0* (T + 0.5)*dt - kx*(nxlo - 0.5)*dx - ky*[nylo:nyhi]*dy);
CHz (nxlo,nylo:nyhi) = CHz (nxlo,nylo:nyhi) - Hysrc/dx;

$xhi

Hysrc = HyO*cos (2*pi*f0* (T + 0.5)*dt - kx*(nxhi + 0.5)*dx - ky*[nylo:nyhi]*dy);
CHz (nxhi+l,nylo:nyhi) = CHz (nxhi+l,nylo:nyhi) + Hysrc/dx;

iiiic = Hx0*cos (2*pi*f0* (T + 0.5)*dt - kx*[nxlo:nxhi]'*dx - ky* (nylo - 0.5)*dy);
CHzfnxlo:nxhi,nylo) = CHz (nxlo:nxhi,nylo) + Hxsrc/dy;
iiZic = Hx0*cos (2*pi*f0* (T + 0.5)*dt - kx*[nxlo:nxhi]'*dx - ky* (nyhi + 0.5)*dy);
ﬁ EMPaossible CHz (nxlo:nxhi,nyhi+1) = CHz (nxlo:nxhi,nyhi+1) - Hxsrc/dy; Slide 19
Animation of CW Source
STEP 498 of 500 3
0.8
0.6
‘ 0.4
0.2
0
-0.2
. -0.4
-0.6
-0.8
-1
S) EMPossible Side 20
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Calculating &, and &, (1 of 2)

The TF/SF spans a large enough amount of space that the numerical dispersion due to the
Yee grid causes problems. You must compensate for this.

Uncompensated Compensated

STEP 496 of 500

STEP 496 of 500

v B
A\ izz

S EMPossible sice 21

NN

Calculating &, and &, (2 of 2)

Step 1 — Define fin dashboard.

Step 2 — Calculate the refractive index where source is injected.

n src \/ /ur,srcgr,src

Step 3 — Calculate k, and k,.
k. =k, cosd k, =kyng. sin@

srC sre

Step 3 — Calculate “fudge factor” 1.

o A \/ [(/aw)sin (k,a¢/2) +[ (1/av)sin (k,a/2) ]

n, sin(7z f,

Step 4 — Adjust &, and k.

Note: An alternate method is
Lo Lo described for the Gaussian source
k.= fk, ky = ﬂcy

¥ that usually works better.
W EMPossible Slide 22
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Analytical Equations for a Gaussian Pulse

For a Gaussian pulse, the field components are

(7 I This time delay ensures the pulse begins just outside of the
ot = (kxx + kyy)/co TF/SF region regardless of the angle of incidence.

W EMPossible

Slide 23

Numerical Equations for a Gaussian Pulse

For a Gaussian pulse, the field components are

A A 2
B (i i) = exp| | — at—(k it + £, jay) fe,

T

2

(T+0.5) At | kidx+k, (j+0.5)Av ] ey

H. (i,j;T)zléV exp| —
: T

- . 5
~ T+05)At— |k (i+0.5)Ax+k, jAy |/c
Hy(iﬁj;T):_kxeXp - ( ) [ ( ) v/ y:|/0

T

W EMPossible
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Code Snippets for Gaussian Source

% TF/SF FOR CURL OF E
Ez0 = exp (- ((T*dt - TO)/tau)."2); Hoo e
Ez0 = Ez0(1:2:Nx2,1:2:Ny2); D&&r}
%$xlo <o 5
Ezsrc = Ez0(nxlo,nylo:nyhi); e g
CEy (nxlo-1,nylo:nyhi) = CEy(nxlo-1,nylo:nyhi) + Ezsrc/dx; 'EL? E? 5
%$xhi 86 dE
Ezsrc = Ez0O(nxhi+l,nylo:nyhi); o ;8 =3
CEy (nxhi,nylo:nyhi) = CEy(nxhi,nylo:nyhi) - Ezsrc/dx; g T E
o oo
sylo 00
Ezsrc = Ez0(nxlo:nxhi,nylo); S g g 53
CEx (nxlo:nxhi,nylo-1) = CEx(nxlo:nxhi,nylo-1) - Ezsrc/dy; ISR HS
$yhi N B
Ezsrc = Ez0O(nxlo:nxhi,nyhi+l); * 5
CEx (nxlo:nxhi,nyhi) = CEx(nxlo:nxhi,nyhi) + Ezsrc/dy; % g

i

% TF/SF x 3
HO = exp(-(((T + 0.5)*dt - TO0)/tau)."2); + 2
Hx0 = + (ky/k0)*HO(2:2:Nx2,1:2:Ny2) ; » N
HyO = - (kx/kO)*HO(1:2:Nx2,2:2:Ny2) ; 5 ><
$xlo “ gg
Hysrc = HyO(nxlo-1,nylo:nyhi); (:; S
CHz (nxlo,nylo:nyhi) = CHz(nxlo,nylo:nyhi) - Hysrc/dx; S
$xhi ?
Hysrc = HyO(nxhi,nylo:nyhi); =
CHz (nxhi+l,nylo:nyhi) = CHz (nxhi+l,nylo:nyhi) + Hysrc/dx; :_J
$ylo
Hxsrc = Hx0(nxlo:nxhi,nylo - 1); %
CHz (nxlo:nxhi,nylo) = CHz(nxlo:nxhi,nylo) + Hxsrc/dy; ::‘
%yhi Z
Hxsrc = Hx0(nxlo:nxhi,nyhi); >

ﬂEMPossbie CHz (nxlo:nxhi,nyhi+l) = CHz(nxlo:nxhi,nyhi+1) - Hxsrc/dy; < Slide 25

Animation of Gaussian Pulse Source

STEP 330 of 550

e e - - - = = -

5 EMPossible Side 26
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Animation of Gaussian Pulse Source With a Scattering Object

STEP 430 of 2064

5 EMPossible

Slide 27

Compensating for Dispersion for a Gaussian Source
(1 of 2)

The TF/SF spans a large enough amount of space that the numerical dispersion due to
the Yee grid causes problems. You must compensate for this.

Uncompensated Compensated

STEP 392 of 550 STEP 374 of 550

5 EMPossible

Slide 28
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Compensating for Dispersion for a Gaussian Source
(2 0f 2)

Step 1 — Define @in dashboard.

Step 2 — Calculate the refractive index where source is injected.

nsrc - \[ lur,srcgr,src

Step 3 — Calculate £, and k.
k. =k, cosd k, = kyng, sin @

STC SIC

Step 4 — Calculate “fudge factor” f.

e VLr)sin(k a3/2)T + (av)sin (k2

ngsin(z fA

Step 5 — Adjust material arrays ER2 and UR2 according to f.

URZ = f*URZ; Note: This method of compensate
ER2 = f£*ER2; works for the sinusoidal source as well.
ﬁl EMPOSS|b|e Slide 29

Formulation
of NF2FF Transformation

Slide 30
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Electromagnetic Boundary Conditions
Magnetic Field at an Interface Electric Field at an Interface
LT::EAJ_%J; E&j::lij M,
— — — A —2 ]:[2 — — —
}{LT 17— Vs g iom E%J”_liy‘:'_Als
O U S < TN = . - -
nxH,—-nxH, =J, - nxE, —nxE =-M_
ix(H,—H,)=J, ix(E,~E)=-M,
J :ﬁx(ﬁz ﬁl) ]\_/]Sz—nX(_»z —’1)
n = surface normal pointing from 1 to 2
S EMPossible
Surface Equivalence Theorem
E,H E,H
’——,/”— Rt - \\\\\ "——’ ’N-—\\s\\
:I E’H ,: [ ] :' a1>1j11 IE
\ ] -— \ .j
\ J \
“‘ i d “‘ Acin "75
The far field E and H is completely described by the surface currentsfs and 1\75 flowing
around a closed surface S.
S EMPossible

Slide 32
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Calculating the Surface Currents

Since only the far fields F and H are of

- —
interest, E; and H; can be set to whatever
value is convenient.

E.H

ﬁ‘
Let E)l = ﬁl =0. ’

The surface currents are

,---jj
J,=ixH M, =-ixE

Note: Calculating /s and Mg in this way makes it only possible to calculate fields outside of the surface

W EMPossible

Slide 33

Vector Potentials

It is desired to calculate the fields very far from the surface S. It is useful to do this using
the vector potentials A and F.

Sl e

R = distance from point on surface s’ to the observation point

W EMPossible

Slide 34
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Far Field Approximation

In the far field, R is extremely large.

r—r'cosy for phase calculations
R = ‘F — _’" ~ . .
r for amplitude calculations
Note: -
—y ’ = _ A A r
7 r'cosy =r ey r=—

S EMPossible

Slide 35
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Vector Potentials in the Far Field

Using the far-field approximation for R, the equations for calculating the vector potentials
become

S EMPossible

J-J. /k r=r'cosy) J_J_ jk r—r'cosy)
; dS' E ds'
s M S M
J.J'J —Jjkr! COSV/dS J.J.M e—jkr cosz//ds
47zr s 47zr
Last, these equations in spherical coordinates are
jk’ L

;i v, 9 ¢ Q ¢ v, 9 ¢ ~ 7 9,¢ It is important to note

ef) 808 Fron=ll0s) i

N(9’¢) ~ J.J‘ JSe—jkr'cosl//dSr E(g’¢) ~ J.J‘Mse—jkr’coswdsr these equations.

S S

Slide 36
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Cartesian to Spherical Coordinates (1 of 2)

Standard FDTD produces field quantities in Cartesian coordinates. This means the current

termsfs and MS will be in Cartesian coordinates. Usually far-field analysis is calculated in
spherical coordinates so these functions must be converted to spherical coordinates.

J, sinfcos¢ sinfsing cosé || J,

7

J, |=|cos@cosg cosfsing —sinb | J, N=N.a,+N,a,+N,a,
Jy —sing¢g cos ¢ 0 J

z

N, = ” (Jx sin@cos ¢+.J sinfsing+J, cos 6’) e e gy’
S
J,
N, = ” (Jx cos@cosp+J cos@sing—J_ sin 9) eV ds'
S
Jo

N, = ”(—Jx sing+.J, cos ¢)e’-"‘r'°°s”’ds'
S

J

S EMPossible ’

Slide 37

Cartesian to Spherical Coordinates (2 of 2)

The calculation for Z(G, o) is

M, sinfcos¢ sindsing cosé || M
M, |=|cosfcosg cosfsing —sind| M, L=La +L,a, +L,4,
M, —sing cos ¢ 0 M

x

z

L = "(Mx sin@cosg+M  sinOsing+M_cos 9) o JRreosy g7

s
MV
L,= (Mx cos@cosg+M  cos@sing—M_sin ,9) oSy gt
.5 §
M0

L = .(—M)C sing+ M , cos ¢)e‘j""°°5"’ds'

s

. M,
S EMPossible

Slide 38
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N and L Only Depend on fand ¢ (1 of 3)

N(e, ¢) and L(o, ¢) are far field quantities so they are independent of the choice of the

surface S.
[ | @ | [ | | | S o
T T T T T T T T ] IS~ P P e N
, . K - o g e ~
1 1 1 ’ \
1 1 ! [ /" ‘\ ' \
1 1 ! ! ¥ \ 1 \
| | ] [ K )] 1 |
] H / \ N
: : ! ! ‘\S i \ !
1 | Le. 1 Ry | X S ,
~< 1 ', e ,
S | -
= || O | || || | [ |

Pick this one for now. J

W EMPossible

Slide 39

N and L Only Depend on fand ¢ (2 of 3)

The current terms /5 and Ms are surface currents and always tangential to the surface.

- -<

., \ So when we choose S to be a sphere,
/ M the surface currents have no radial
components.

J.=M_ =0 whenS is a sphere

W EMPossible

Slide 40
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NandL Only Depend on #and ¢ (3 of 3)

From the following equations, it is observed that N and L take on the same vector
components as Jg and M.

N(6,9)= j j J e 7o g’ L(0,9)= j j M e e g’
S S

Therefore, N and L have no radial components.

Also recognize that this will always be the case since the far-field is fixed and independent of
the choice of S.

N =L =0 always

W EMPossible Slide 41

Final Expressions for NandL

N,(6,4)=0
N,(6.¢)= ”(Jx cos@cosg+.J, cos@sing—J_ sin H)e_-’k”ms"’ds'
S
N, (0,¢)= jj (7, sing+J, cosg)e s’
S
L (0,4)=0
L,(6,¢)= .[J.(Mx cos@cosg+M  cosf@sing—M_sin Q)e_-’kr'°°s"’ds'
S
L,(0.4)= .U(_Mx sing+ M, cos ¢)e‘jk”°°s"’ds'
S

W EMPossible Slide 42
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Calculating the Far Fields (1 of 3)

The electric and magnetic fields, E and 17, are calculated from the vector potentials
according to

I:I:lV><gl+ja)}7“+L M E:—leF+ja)Z+LVM
Y7, wUE £ wUE

The V(V -?) terms produce equations with 1/7? dependence. In the far field, r is very
large so these terms vanish.

S| - ~ R _ y
H=—VxA+ joF EE—lVXF—FjC()A
7 &

W EMPossible

Slide 43

Calculating the Far Fields (2 of 3)

L1 N _ - - -
H=—VxA+ joF E:—leF+ja)A
H £
The curl terms become
. Jkr . gk
WA:VX(W NJ Vszv{ge NJ
drr drr
Jhkr Jhkr ~
:ivx ¢ N :iVX € N
4z r 4 r
u jke™ . . & jke™ . .
= (N,d,—N,a,) r P (L,a,-L,a,)
= jk(4,d, - A,d,) = jk(F,a, - F,a,)
The electric and magnetic fields are now
Iy ‘k A A . — = .k A N .
H=J—(A€a¢—A¢a€)+]a)F E:—]—(Fga¢—F:¢a0)+Ja)A
<) EMPossible H & e 44
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Calculating the Far Fields (3 of 3)
A =%(A€&¢ — 4,3,)+ joF E=-2(Fa,-Fa,)+ jod
Combine vector components.

- 1 L[] -
H= —ja)(—A¢ —ngag +]a)(—AH +F¢Ja¢
n n

E =ja)(A¢ +77F¢)&6 + jo(4,-nF,)a,

Last, put these equations in terms of NandL.

H,=0 E =0

Impedance of the

B Jke™ 1 ke’ far-field medium:
Ho== (N”_Lﬁ E,=L=—(nN,+L,)

4xr n drr 7= u
jkejkr 1 3 jke./kr &
N (N”W v G,
0ssiDie

Slide 45

Radar Cross Section (RCS)

The power in the radiated field can be calculated from the far-field quantities as

P, = %Re[EHH;] +%Re[—E¢H;J

1 kY 2 2
:Z[Ej (‘UN9+L¢‘ [N, - L,| )

The radar cross section (RCS) in three dimensions is

RCS(0,4) = 1im(47rr2 ﬁj

F—>®0

W EMPossible

Slide 46
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Flow of Equations for 3D NF2FF

Step 1 — Calculate current terms around a closed surface.

— —

J =nxH M, =-hxE
Step 2 — Loop over all values of #and ¢

a) Calculate N and L in the far field.

N, = H(./‘ cosfcos+.J, cosOsing—J. sml})e s'eosy gt = J‘J‘(M‘ cosfcosp+M, cosOsing—M, sin 0) eV gt
s !

N, = [[(~J.sing+.J, cosg)e " as' L= [[(~M,sing+ M, cosg)e " ds'
d s

b) Calculate E and H in the far field.
H =0

E =0
jke" 1 ket
H,=- N,——1L, _J
(s B el E, = o (7N, +L,)
ke 1 ke
= ot E, =% —(nN,~1,)

c) Calculate RCS or whatever else is needed.

S EMPossible e x”f”’ il 41) slide 47
NF2FF in Two Dimensions

1/23/2020
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W EMPossible

Surface Currents (1 of 2)

Restrict the analysis to just the x-y plane.

E.H
This means the normal vector 7 is restricted to just M,
the x-y plane.
n

=na +na,

This also means that the spherical coordinate
parameter @is zero.

0=0

-

W, -
e
7
N
<

Therefore, N and N are only written as functions of ¢.

N, (4): Ny(9) Ly (9), L, (#) L’x
W EMPossible

Surface Integrals to Line Integrals (1 of 2)
For the_g)eneral case, the current termsfs and 1\75 are integrated over a closed surface to
obtain N(¢) and L(¢) in the far field.
Wi (9)=f(-)as AOR
VORHESH L(#)= () as

S

In FDTD with a Cartesian grid, it is most convenient to
setup the integrating surface S to be a rectangle.

In 2D, the closed surface becomes a closed line.

Slide 50
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Surface Integrals to Line Integrals (2 of 2)

The integrations must be written as closed line integrals.

@(...)ds' N ?(...)dg'

N

Given that the integrating line is a rectangle, it is divided
into four separate ordinary integrals.

X

<j>(--~)df,= I()dx+vf()dy

t X 1
y low side x high side
X Y
+I(...)dx+ I("')dy
X »
%/_/
v high side x low side

W EMPossible

Slide 51

Orientation of the Surface Currents (1 of 3)

The surface currents have been defined to be flowing in a common direction.

W EMPossible

Slide 52
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Orientation of the Surface Currents (2 of 3)

However, this is not the inherent y

directionality calculated on the )_,x

Yee grid. z

Yy y
})x js Ms A ;jS,MS )—)x
”””” Jod,
1
W EMPossible ) Slide 53

Orientation of the Surface Currents (3 of 3)

The surface current

y y
zZ
vectors must be rotated | I
about the surface N
normal. no-oo-
v s Ms
}»x »,9[ y
z T a7 4 [
Js MSY AJ Mg )—)X
ALl E z
n @ :
z | | >
y y B

W EMPossible
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Rotation of Surface Current Terms

Based on this line of reasoning, the surface current terms in two of the line segment
integrals must be rotated.

$(-)ar = [ ()avr [ (-yve [ (e [ ()
[ x »n X, 2

y low side x high side y high side x low side

R, (180°) (180°)
. \ . L.
- L
ToMs V ﬁ A )_:Ilp sign of lL)

7 - § JyJ, M, and M,
i : Flip sign of
””””” B J,,J, M, and M,

S EMPossible Slide 55

Write Integrals as Standard Integrals

The last two integrals are calculated from b to a. To arrive at a more straightforward
numerical implementation, the order of integration is reversed. When this is done, the sign
of the integral changes.

2!

$(-)ar = (- dx+j dy+j dx+j

‘ X N X V2

y low side x high side » high side x low side
R,(180°)  R,(180°)
\2
X, Vs
$(-)ar = (- dx+j )y - j j(---)dy
L X N N
\Qf_—/
y low side x high side y high side x low side
R,(180°)  R.(180°)
S EMPossible slide 56

1/23/2020

28



1/23/2020

Final Equations for 2D Analysis

Applying all of this to the original surface integral equations for 1\7(¢>) and Z(d)) gives

» high side x low side

N, (¢) =— ] Je shr'eosy (e — T Jze"k"'c""“’dy - ]. Jze’/k"'”*“’dx - ] Jze"k"“” Vdy

high side

 low side

(4)= jf (Jv cosg—J_sin ¢)e”k"'°°*”’dx + ]Z (J), cos¢—J, sin ¢)e’f""°°s“’dy
x high side

N,

v low side
X, V2
. — jkr! cosy . — jkr cosy
7J.(J),cos¢+stm¢)e dx+J.(Jj,cos¢+JA sm¢)e dy
il
x low side

» high side
_ —jkr'cosy g —jkr'cosy g —jkr'cosy g — jkr' cosy
L(¢)=-[M.e di— | M.e dy-[M.e di—[M.e dy
X » X »
» high side x low side

x high side

x

v low side
L, ()= I (Mv cosg—M _sin ¢)e’”‘"°“wdx + ‘J‘ (MV cosg—M sin ¢)e’ r'eosy gy,
x high side

Slide 57

» low side
X »
- J(M) cosg+M _sin ¢)e’ Thrieosy g 4 J' (MV cosg+M sin ¢) e Mo gy
3
x low side

¥ high side

W EMPossible

Simplifications for E and H Modes

E-Mode H-Mode
E=Ea+Ea,
H=H.ga,

']x :(any _nny)az
-n,E.a +nkE.a, MS=( VE —nE,

Slide 58

M, =

J,=J,=M_ =0

W EMPossible



N (8, ¢) and L(8, ¢) for the E Mode

Given all of the simplifications on the previous slide, the expressions for N (8, ¢) and L(o, )]
reduce to

X Y2 X Y2
N,(¢)=- j H e ™" dx — j He " dy+ j H e ™" dx + j H e dy
& N

X N

v low side x high side y high side x low side
Ny (4)=0
L,(4)=0

X, V2

_ : — jkr' cosy — jkr' cosy

L, (¢)——s1n¢_[ Ee dx+cos¢jEze dy

R N

y low side x high side

X Y2
+sin ¢I E.e”" Y dx —cos ¢I E.e" Y dy

X N

» high side x low side

S EMPossible Slide 59

N (8, ¢) and L(6, ¢) for the H Mode

Given all of the simplifications on the previous slide, the expressions for N (8, ¢) and L(o, )]
reduce to

N,(4)=0

2 5
N, (¢) =sin ¢I Hzef‘/kr'COS”’dx —cos ¢I Hze*.fkr’cosu/dy
X yl

1

v low side x high side

Xy Y2
—sin ¢J~ Hze"kr Vdx + cos ¢I Hze'fk" Coswdy

R N

y high side x low side

t i ! V2
LH (¢) =+ I Exeﬁfkr’cosy/dx + I Eyea/’kr’cosu/dy i J Exea/'kr'cosy/dx _ I Eye—jkr’cosy/dy

X N Rl Y1

y low side x high side y high side x low side

L (4)=0
5 EMPossble (9) Side 60
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E(9, ¢) and H(8, ¢) for 2D Analysis

Given that N,= L,= 0 for the E mode and N,,= L, = 0 for the H mode, the electromagnetic
far-fields for each mode are calculated as

E Mode H Mode
]ke]kr Eg :O
Eg :—4 (77N0 +L¢) .
m g, =Jke (7N, -L,)
E, = T Axy 1%~ Lo
H — .7 jkr
0 | H():]ke (&_qu]
yo_ Jjke™ ﬁ Y 4zr \ n
Y n ¢ H¢ =0
S EMPossible Slide 61
P_.4(0,9) and RCS(8,¢) for 2D Analysis
E Mode H Mode
1( kY ) 1( kY 2
B (¢)=%(4—WJ 7N, - L,| B (¢)=%(4—WJ 7N, +L,|
k? 2 i? 2
RCS(¢):87T77P. 7N, - L,| RCS(¢):8m7P. 7N, +L,|
S EMPossible Slide 62
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Incident Power P, .

The power in a uniform plane wave is calculated as
—12
E 1
S 1 B i
2 n 2
Assuming a unit amplitude plane wave source, P, . reduces to

0.5/n for ‘E‘zl
0.5n for ‘I:I‘zl

_ L e P T |H
inc 7 inc 7
770 ll'lr gr
%,_/ %,_/
E Mode with |E|=1 H Mode with ||=1
S EMPossible Slide 63
Flow of Equations for E-Mode NF2FF
Loop over all values of ¢
a) Integrate to calculate N and L in the far field
N, (¢) = —T er’/k"'“’s“’dx — ] Hye’/k”“"'”der]; er’/k"m"’dx + ]‘ Hve’/k”"s"’dy
. » low side s x high side . » high side - x low side
L, (#)=—sin ¢T E.e™ dx +cos ¢if E.e™" % dy +sin ¢]Z E.e"" " dx—cos ¢] E.e ™y
- » low side Jlx high side : 3 high side - x low side
- = . - = R o
b) Calculate E and H in the far field from N and L (if desired)
Jke' Jjke™ (L
Ey=— (nN,+L,) H, =4—W[;‘”+NBJ
c) Calculate P4 and RCS from NandL (if desired)
1( kY > K >
Rad(¢)=%[4—mj [No L[ RCS(9)= N~ L]
S EMPossible Slide 64
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Flow of Equations for H-Mode NF2FF

Loop over all values of ¢
a) Integrate to calculate N and L in the far field

N,

x b x V2
4 (¢)=sing j H_e """ dx — cos ¢j H.e " dy —sin ¢ j H_e "' dx + cos ¢ j H.e v gy

» low side x high side  high side x low side

X »2 293 2
La (¢) _ +J'Exe7jkr'cosu/dx+ J‘ Eyeqkr'cowdy_jExefjkr'cowdx_ J' Eyefjlcr'cosy/dy
X il X bl

v low side x high side » high side x low side

b) Calculate E and H in the far field from N and L (if desired)

Jke™ Jke™ L,
E, = N,—L H =2—_|Z20_N
¢ 4xr (77 ¢ 6) " 4nr n ¢

c) Calculate P,,4 and RCS from N and L (if desired)

Pu(9) :i(ﬁy 9N, + L[ RCS(¢) = 8”1:7; 9N, + L[
S EMPossible Siide 65
Implementation
Slide 66
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Step 1 — Setup the Grid
3D Grid 2D Grid

TF/SF

— N &

|||||
|||||

Object
<ﬁ| EMPossibl Note that the near-field surface S'is located within the scattered-field region. e
ossible ide
Step 2 — Simulate to Get Steady-State Field
3D Grid 2D Grid
The steady-state field from FDTD is the same data that would be generated if
S) EMPossible simulated by finite-difference frequency-domain (FDFD). e s

1/23/2020
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Step 2 — Simulate to Get Steady-State Field

Below is MATLAB code from inside the main FDTD loop that updates the Fourier transform
across the entire grid at a single frequency defined by the kernel K. The Fourier transform
of the source at this same frequency is also calculated.

% Update Fourier Transforms

FT Ez = FT Ez + (K*"T*dt) *Ez;
FT Hx = FT Hx + (K*"T*dt) *Hx;
FT Hy = FT Hy + (K T*dt)*Hy;
FT S = FT S + (K*"T*dt)*HO(nx2c,ny2c);

After the main FDTD loop has finished, the Fourier transforms are normalized to source
using the follow code:

% NORMALIZE FOURIER TRANSFORMS

FT Ez = FT _Ez/FT_S;
FT Hx = FT Hx/FT_S;
FT Hy = FT _Hy/FT_S;

W EMPossible
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Step 3 — Interpolate Field Quantities Along S

The field quantities in each Yee cell must be interpolated at a common point.
It is convenient to choose the origin of each cell as the common point.

E (i-1, j,k)+E (i, k)

E (i,j.k)=

2
~ E_(i,j,k=1)+E_(i, ],k
. (5, k) = 2 ; (24)

_ H (i Lk-1)+H (i Lk)+H (i,j,k—1)+ l,
A (i, j k) = (BT =Lk (14) (i ).k =1+, (i, ]

H_(i,j.k)=
W EMPossible

4

o i,j=Lk)+E (i, ], »

SERNAIRY; ST @ @

o H (i-Lk=1)+H (i-1j.k)+H, (i, j.k=1)+H, (i, ].k)

i )= P U 8) 1181 @»@
H, (i-1,j-Lk)+H_ (i-1,j,k)+H_(i,j-1Lk)+H_(i,),k)

Slide 70
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Step 3 — Interpolate Field Quantities Along S

For 2D simulations, the interpolation equations reduce to

E Mode
Ez (i,j)=E: (i,j) ;EENTERPOLATE Ei;;s TO ORIGIN OF YEE CELL
[f[ (Z"]):H*' (1’171)+H"(l’]) Jj:i:(:,Z:Ny) ; 8:2*5?%?;;((:,1:Ny—1)
x - 2 ; + FT_Hx(:,2:Ny));
s .. _H‘y(i_lvj)_‘_H'\:(iaj) Jj:ii(Z:Nx,:) ;gé:iggﬁ;;/(l:Nx—l,:)
H\-(l’])_ B + FT_Hy(2:Nx,:));
H Mode
i (U)_H (i-Lj-0)+H (i-1j)+H, (i,j-1)+H,(i,))
N 4
~ E (i-1,j)+E (i,]
B (1)) BRI ()
- E (i,j-1)+E (i,]
B (1) = B G)
0 EMPossible Slide 71

Step 4 — Calculate NandL by Integrating Fields Along §

Pick a range of values for ¢, usually —t < @< 1. For each value of ¢ we integrate E and H
around the contour S.

E Mode

X ¥, x ’
Ng (¢) - _ I er*jkr’cosy/dx _ J‘ Hyeﬁ/kr’cosu/dy + I er*jkr'cosy/dx + J Hyefjkr’cos.,/dy

X Pl R hl

y low side x high side y high side x low side

X » X ¥
L, (#)=-sin ¢I E.e " dx +cos ¢_[ E.e """ dy +sin ¢I E.e " dx —cos ¢I E.e v dy

X n X »
y low side x high side » high side x low side

H Mode

X 2 &2 Y2

s — jkr' cosy — jkr’ cosy . — jkr cosy — jk" cosy
N, (¢)—sm¢IHze dx—cos¢IHze dy—sm¢IHze dx+cos¢J.Hze dy
X N x psl
¥ low side  high side  high side  low side

x Y2 x; Y2
Lg ( ¢) _— I Exe" Jjkr' cosy d+ I Eye’ Jjkr' cosy dy— JZ Exe’ Jjkr' cosy dx— J‘ Eve—jkr'cosl// dy

R N X pl

= y low side x high side y high side x low side
W EMPossible Slide 72
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Block Diagram for Scattering Analysis (1 of 3)

Start ﬁ

Initialize MATLAB |

¥
Dashboard ‘

¢ Source * Device
* NF2FF « Grid )

\

Calculate Grid ‘
Nx, Ny, dx, dy J

\

Build Device ‘

ERxx, ERyy, ERzz, }—
URxx, URyy, URzz )

This step only calculates source
parameters, not the source
functions. Those are calculated
in the main FDTD loop.

dt, tau, nxs, nys, T0, kx, ky, etc.

\

Compensate for
Numerical Dispersion

| |

Compute Source Parameters J
>

Initialize FDTD
¢ Fields < Curls
* BC’s * Integrations

> <<Q"O
ﬁl EMPOSS|b|e Slide 73
Block Diagram for Scattering Analysis (2 of 3)
Finish Fourier
yes I Transforms
& \
8 \
',.&\\'L = Done? )<
N < time ! ’
1no
Compute Curl of E ' — Compute Curl of H — Update E J
CEx, CEy, CEz CHx, CHy, CHz
B US| ¥
‘ ‘ Update Fourier
Handle TF/SF Handle TF/SF TEmserms
CEx, CEy, CEz CHx, CHy, CHz ‘
* ‘ Visualize SimulationJ—
Update IntegrationsJ Update IntegrationsJ - o
Update H ) J— Update D ) J_
This is the ordinary main loop for FDTD except the TF/SF and calculating
Fourier transforms where the NF2FF is to be calculated. Slide 74

S EMPossible

1/23/2020

37



Block Diagram for Scattering Analysis (3 of 3)

O _l Integrate Around ‘
Perimeter

Interpolate Fields to N.N..N. L. L.L
Origin of Yee Cells NGRS AR
47444" B All following ‘
: _ calculations Calculate Fields
Denormalize E J should use the (if desired)
B E interpolated and
= denormalized
__________________ M e | Eefeo
¥ [ ] (6 & ¢)
Initialize NF2FF Calculate RCS
N.(0.6)=N,(0.4)= N, (0.4) =0 (f desirec)
L (6.4)=L,(6.4)=L,(6,4)=0 P.,RCS
E,(0.4)=E,(6,4)=0 . \
Hg (6,¢)=H¢(05¢)=0 —)  DOnNeE? L
P (6.6)=RCS(0.9) =0 o |
T S I yes Show Results = Finish

W EMPossible Slide 75
% CALCULATE N AND L
r = 10*max (Sx, Sy) ;
PHI = linspace(-pi,pi,NPHI);
for nphi = 1 : NPHI
% Next Phi Angle
phi = PHI (nphi);
rn = [ cos(phi) ; sin(phi) 1;
$ ylo trapezoidal integration
% xhi trapezoidal integration
$ vhi trapezoidal integration
$ xlo trapezoidal integration
<50 EMPossible end Siide 76
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Example Code for Integration

ll %2 ‘l 2 22 Y2
o — jhkr'cosy 1 — jkr'cosy — jkr'cosy — jkr'cosy
N, (¢)—: —J.er dx + J.Hye dy + J.er dx + IH‘Ve dy
E Rl E N 5 Rl
| y low side H x high side  high side x low side
E X E 2 X ¥,
L,(¢)=-sing| E.e " Vdxtcosg[ Ee V'V dy+sing [ E.e " dv—cosg [ E.e "V dy
E x E n x »
% 3 low side Y  high side  high side x low side
% ylo trapezoidal integration
N = 0;
L = 0;
ny = nya;
for nx = nxa : nxb
rp = [ xa(nx) ; yal(ny) I;
Note: nxa and nxb are the left and et = exp(-11i*k0*dot (rn,rp));
right array indices of S. nya and iw = 1 - ((nx==nxa) + (nx==nxb))/2;
nyb are the top and bottom array N = N + iw*Hx(nx,ny)*et;
indi £S L =L + iw*Ez(nx,ny) *et;
Indices o1 o. ol
Nth (nphi) = Nth(nphi) - N*dx;
- i i = i 1 - 1 1 *T, % .
ﬁlEMPOSSIue Lphi (nphi) Lphi (nphi) sin(phi) *L*dx; Slide 77
S . I t . E I
Slide 78
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Example #1: Scattering from a Dielectric Cylinder

The Problem

What is the RCS of a dielectric cylinder in air with radius 0.54, and dielectric
constant of . =4.0?

S EMPossible sice 79

Example #1: Scattering from a Dielectric Cylinder

The Simulation (E-Mode) The Simulation (H-Mode)

5 EMPossible Side 20
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Example #1: Scattering from a Dielectric Cylinder

The Surface Currents (E-Mode)

4 J, 4,
Py — 3 = ‘ 1 q— Yy 1 Cr——1 I i
2} 2 2| a3
05 05 102
1 11
01
[ of of
0
1 1 =] 01
05
2} 2 2| 02
3 al . — | S— 03
2 0 2 2 0 2 2 0 2
M M [
3Ir— T 105 3 e 0. ar e ——p—
2 2 2|
105
1 1 11
[ 0 0 2 of 0
1 1 1
05
2 2 08 2|
3 05 al— >4 al
2 0 2 2 0 2 2 0 2

W EMPossible
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Example #1: Scattering from a Dielectric Cylinder

The Surface Currents (H-Mode)

J J J
3 x - - 3— . — — 3— T |
105 ‘
2 — 2 1 104 2‘ | 5
1 1 03 I‘
0 o e of
01 \
1 -1 1 A
o ‘ 0.5
2 2 2
0.1 ‘
3 i 3 i . R J 3 .
2 0 2 2 0 2 2 0 2
[ "] ]
y ,
3 3 . — 1 3’ -
2 2 ! 2| —
{05
1 1 8 1
0 0 1 o 0}
1
A = 1 1)
0.5 0.5 =02
2 2 2
<03
3 3 = " al .
0 2 2 0 2 2 0 2

W EMPossible
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N and L Functions (E-Mode)

Example #1: Scattering from a Dielectric Cylinder

Re[N,] Re[N ] IN,I IN,I
90 0004 90 1 90 0005 %0 1
120 60 120 80 120 60 120 60
150 0002 39 150 08 20 150 00925 39 150 0.5 30
180 0 180 180 180 o
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 210 270 270
RelL,) RelL ] 1L, Ll
%0 1 %0 15 %0 1 15
120 60 120 60 120 60 120 60
1 1
150 0.§ 30 150 / 30 150 0% 30 150 1 30
0’5 035
180 0 180 =¥ 1] 180 0 180 > 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 270 270 270
W EMPossible Slide 83
. . . .
Example #1: Scattering from a Dielectric Cylinder
.
NandL (H-Mode)
RelN,] RelN,] IN,I IN,|
%0 1 20 0,003 90 1 90 0.005
120 60 120 60 120 60 120 60
0.002
150 08 30 150 150 0.5 150 00025 3
0901
180 0 180 g 0 180 0 180 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 210 300
270 270 270 270
Re[L ] RelL ] Ikl Ll
8 15 90 1 90 15 %0 1
120 60 120 60 120 60 120 60
1 1
150 3 30 150 0.8 30 150 2 150 0.8 30
05 05
180 K 0 180 ) 180 ) 0 180 0
210 230 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 270 270 270
W EMPossible Slide 84
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Example #1: Scattering from a Dielectric Cylinder
p * g y
— —
E and H Fields (E-Mode)
Re(E,] Re[E ] IE,l IE,l
90 0.002 Q0 1 90 0.002 90 1
120 60 120 60 120 60 120 60
150 0.001 30 150 0.5 30 150 0.001 30 150 05 30
180 | 0 180 o 180 o 180 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 270 270 270
Re[H ] Re[H ] Ml H,
9 1 90" 5606 90 1 90 506
120 60 120 120 60 120 80
150 05 30 150 25208 4 150 05 30 150 25¢:06 39
180 0 180 F o 180 0o 180 i 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
; 270 270 270 270
W EMPossible Slide 85
Example #1: Scattering from a Dielectric Cylinder
.
- -
E and H Fields (H-Mode)
Re[E ] Re[E ] IE,l IE,|
90 1 90 0.0015 90 1 90 0.0015
120 60 120 60 120 60 120 60
0.001 0.001
150 05 30 150 150 05 30 150
0.0005 0,0005
180 180 = - 180 180 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 270 270 270
Re[H,] Re[H ] M1 M|
90 3e-06 90 1 80 4de-06 90 1
120 60 120 60 120 60 120 60
150 1506 30 150 05 30 150 Re-06 30 150 05 30
180 S 180 1] 180 V] 180 [}
210 330 210 330 210 330 210 330
; 240 300 240 300 240 300 240 300
ﬁ' EMPOSSlble 270 270 270 270 Slide 86
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Example #1: Scattering from a Dielectric Cylinder

RCS (E-Mode) RCS (H-Mode)

Radar Cross Section (RCS) Radar Cross Section (RCS)

5 EMPossible
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