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EM Scattering by a Perfectly Electrically Conducting Cylinder: EFIE Discretized in the 2-D
TM Case with Pulse Basis and Delta Testing Functions / EM-Streuung an einem ideal
elektrisch leitendem Zylinder: EFIE diskretisiert im 2D-TM-Fall mit Impuls-
Basisfunktionen und Delta-Testfunktionen

2-D Case /

PEC Cylinder / 2D-Fall

in
Source / EZ (r.o) IEL Zylinder

Quelle

R=re,.(p)+ze.(p)
Hf_/ T/
=r =0
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™ ../
K¢ (r,w)
2-D PEC TM EFIE / 2D-IEL-TM-EFIE

“jouof, oo K@ .0G(r-r0)df EXwa). reCy

z

This is a Fredholm integral equation of the 1. kind in form of a closed line integral
for the unknown electric surface current density for a known incident field. /
Dies ist eine Fredholmsche Integralgleichung 1. Art in Form eines geschlossenen Linienintegrals
fur die unbekannte elektrische Flachenladungsdichte flir ein bekanntes einfallendes Feld.

Gr—r,w)= ng) (ko ‘z—z")

Dr. R. Marklein - NFT Il - SS 2003 2




EM Scattering by a Perfectly Electrically Conducting Cylinder: EFIE Discretized in the 2-D
TM Case with Pulse Basis and Delta Testing Functions / EM-Streuung an einem ideal
elektrisch leitendem Zylinder: EFIE diskretisiert im 2D-TM-Fall mit Impuls-
Basisfunktionen und Delta-Testfunktionen

2-D PEC TM EFIE / 2D-IEL-TM-EFIE
. ™ /. ' ! i
_Ja)leO@r,eC -8 Kez (E ,CO)G(I_'—E 9a))d£ :Elzn(zaa))a EECSC

We have to Consider Two Different Cases for the Elements of the Impedance Matrix /
Man unterscheidet zwei Verschiedene Falle fiir die Elemente der Impedanzmatrix

i e ® ® @ - -
Zy(w) Zp(@) ... Zjy(o) @ Main Diagonal Elements / Hauptdiagonalelemente
Zy(w) Zy(@) ... Zy(w) - ® o 00 For/Fur: r=r"  (Self Cell/ Eigenzelle)
: : : ® 6 0 © @ Off Diagonal Elements / Nebendiagonalelemente
Zyi(@) Zyy(@) ... Zyy(0)] ® 6 0 O For/Fir I #I

o Main Diagonal Elements / Hauptdiagonalelemente
1. Flat Cell Approximation / Ebene-Zelle-Approximation
2. Power Series Expansion of the Hankel Function for Small Arguments /
Potenzreihen-Approximation der Hankel-Funktion fur kleine Argumente

o Off Diagonal Elements / Nebendiagonalelemente
1.  Flat Cell Approximation / Ebene-Zelle-Approximation
2. Application of the Midpoint Rule / Anwendung der Mittelpunktsregel
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EM Scattering by a Perfectly Electrically Conducting Cylinder: EFIE Discretized in the 2-D
TM Case with Pulse Basis and Delta Testing Functions / EM-Streuung an einem ideal
elektrisch leitendem Zylinder: EFIE diskretisiert im 2D-TM-Fall mit Impuls-
Basisfunktionen und Delta-Testfunktionen

Elements of the Impedance Matrix /
Elemente der Impedanzmatrix

2 k
1+j—{1n(—A(”)j+7—l} m=n
Z (@) = _COZO A 7 4

Hgl)(krmn) m# n

Matrix Equation / Matrixgleichung

(2] @) {K: (@) = {EF | (@)

——

=V/A =A/m =V/m
Problem: Large Impedance Matrix / ' Iterative Solution via Conjugate Gradient (CG) Method /
Problem: GroRe Impedanzmatrix . Iterative L6sung durch Konjugierte Gradienten (KG) Methode

Solution of the Matrix Equation / Lésung der Matrixgleichung

(KM @) =[2] ' (@) {E} (@)
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Diffraction of an EM Plane Wave on a Circular PEC Cylinder — TM Case /
Beugung einer EM Ebenen Welle an einem kreisrunden IEL-Zylinder — TM-Fall

Separation of Variables J. J. Bowman, T. B. A. Senior, P. L. E. Uslenghi (Editors):
Analytic Solution in Terms of Eigenfunctions / Electromagnetic and Acoustic Scattering by Simple Shapes.
Separation der Variablen Taylor & Francis Inc, New York, 1988.

Analytische Losung in Form von Eigenfunktionen

Plane Wave / Ay 2-D Case/ F =€, +ye,
Ebene Welle _
o el e Electromagnetic
E" (e o) | -
° E.(r.0) = E"(r.0) + EX(r,0) and Acoustic

Scattering by
Simple Shapes

Revised Printing

=V

J. J. Bowman
T. B. A. Senior

PEC Cylinder with Radius a / P. L. E. Uslenghi
IEL Zylinder mit dem Radius «
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Diffraction of an EM Plane Wave on a Circular PEC Cylinder — TM Case — Analytic
Solution: Separation of Variables / Beugung einer EM Ebenen Welle an einem
kreisrunden IEL-Zylinder — TM-Fall — Analytische Losung: Separation der Variablen

Electric Field Strength of the Incident Wave /
Elektrische Feldstarke der einfallenden Welle

. ~kin.
El(r,p,0;,0) = Ey(w) % °F
Hf_/
=1 V/m

Boundary Condition at the PEC Cylinder /
Randbedingung am IEL-Zylinder

E.(r=a,0,0,,,0)=E) (r=a,0,¢,,,0)+ EX*(r=a,0,0,,,0)=0

Electric Field Strength of the Scattered Wave /

Solution / Elektrische Feldstarke der gestreuten Welle
Lésung
E¥X(r,o,0. ,0)= —i g, (=) MH(I)UG’) cos [n((o — @, )J
z ’ >7In? n (1) n m
n=0 H, " (ka)

Neumann Function/ . _ I n=0
Neumann-Funktion 2 n=12,3,...
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Diffraction of an EM Plane Wave on a Circular PEC Cylinder — TM Case — Analytic
Solution: Separation of Variables / Beugung einer EM Ebenen Welle an einem
kreisrunden IEL-Zylinder — TM-Fall — Analytische Losung: Separation der Variablen

Dr. R. Marklein - NFT Il -

SS 2003

Boundary Condition at the PEC Cylinder /
Randbedingung am IEL-Zylinder

nxE(r=a,0,0,,0)=0
EZ(I"ZCI,Q,(Din,Cl))ZO

Induced Electric Surface Current Density at /
Induzierte elektrische Flachenstromdichte bei

I_IXH(r:a’¢9¢inaa)):Ke(r:a9¢’¢inaa))a ﬂ:gR

Ko (0:00.0) = Hy (1 = a.0.0;.0)
= Hy' (1 = 0,0,0,0) + Hy (= 4,0,0, 0)

LB, C

7 ka =, ! H;l)(ka) o8 [n ((0 " Pin )]

Y 1 e8] _ n
Ke' (0,01 0) = 20— 2 ¢ %COS[H(@—% )]




EM Scattering by a Perfectly Electrically Conducting Cylinder: EFIE Discretized in the 2-D
TM Case with Pulse Basis and Delta Testing Functions / EM-Streuung an einem ideal
elektrisch leitendem Zylinder: EFIE diskretisiert im 2D-TM-Fall mit Impuls-
Basisfunktionen und Delta-Testfunktionen

Re{[Z](@)} * i
&0 3
a0
100 g
120

Elements of the Impedance Matrix / 20 40 & =0 100 120
Elemente der Impedanzmatrix

Im{[Z](a))} o0 0
1+j2 In EA(") +y—1| m=n an
Zpp (@) = 20 A 7| \4 5
4
Hf)l)(k Vo) m#n &0 o
100 -
120

20 40 g1 80 100 120

]

ka=1,  N=128 [z)@)]

&

100

120
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Resultate

Rel M (¢)} 20 =ReH,(r=a,4)] " 20
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Resultate

Relative residual R(':'
=)

-
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Itemtion number |
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Resultate
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Results
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Resultate

Real Fart of the Induced Electric Surface Current Density K;TZ"‘@)) " Z0 at the Gylinder Imaginany Part of the Induced Electric Surface Gurrent Density K;TZ"‘(@ " Z0 at the Cylindsar
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Resultate

Absolute Value of the Induced Electric Surface Current Density Ky(cb) " 20 at the Gylinder
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Diffraction of an EM Plane Wave on a Circular PEC Cylinder — TM Case /
Beugung einer EM Ebenen Welle an einem kreisrunden IEL-Zylinder — TM-Fall

Number
( ]f [ ‘1]_H
N

Magnitude of induced electric surface
current density. |f\—.,f '”{\;j_]| for

w =10

w=m/ D)

l

©

3
16
32
G4

128

0.00082611
0.00077377
0.00076747
0.00076414
0.00076188

0.00291920
0.00299660
(0.00300135
0.00299755
0.00299445

0.00573690
0.00613630
0.00622450
0.00623880
0.00623820

Exact

0.00076000

0.00299300

0.00623700

8
16
32
64

128

(.00084500
0.00078400
0.00077300
0.00076600
0.00076300

(.00298300
0.00302000
0.00300900
0.00300100
0.00299700

0.00639100
0.00630200
0.00627100
0.00625400
0.00624500

Table 1: Comparison between ours (top) and published (bottom) results, having circumference of one wave-

length, € = Ay = 0.3 m
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EM Scattering by a Perfectly Electrically Conducting Cylinder: EFIE Discretized in the 2-D
TM Case with Pulse Basis and Delta Testing Functions / EM-Streuung an einem ideal
elektrisch leitendem Zylinder: EFIE diskretisiert im 2D-TM-Fall mit Impuls-
Basisfunktionen und Delta-Testfunktionen

Calculation of the Scattered Field /
Berechnung des Streufeldes

KEE/I(E’aw)G(E—E’aw)d[’, [eR?,\ESC

E¥(r,o)=jo <j.>
z (_ ) J@Ho r'eC, =08,

Calculation of the Total Field /
Berechnung des Gesamtfeldes

E,(r.®)=E (r,0)+E¥ (r,0), reR’\Cs

Ke2'® (@)

n Integer Counter/
Ganzzahliger Zahler
PEC Cylinder /

IEL Zylinder @ KTM(l) (a))

Ke2'@ (o)

. . .y in
E™(ry,0) = EM(w)e!® %

Source / k"

Quelle
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Diffraction of an EM Plane Wave on a Circular PEC Cylinder — TM Case /
Beugung einer EM Ebenen Welle an einem kreisrunden IEL-Zylinder — TM-Fall

Real Part / Realteil Imaginary Part / Imaginarteil

Magnitude / Betra

Incident Field /
Einfallendes Feld

Scattered Field /
Streufeld

Total Field /
Gesamtfeld
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Iterative Methods for the Solution of Discrete Integral Equations /
Iterative Methode zur Losung von diskreten Integralgleichungen

CG Method - Conjugate Gradient (CG) Method
M. R. Hestenes & E. Stiefel, 1952
BiCG Method - Biconjugate Gradient (BiCG) Method
C. Lanczos, 1952
D. A. H. Jacobs, 1981
C. F. Smith et al., 1990
R. Barret et al., 1994
CGS Method - Conjugate Gradient Squared (CGS) Method (MATLAB Function)
P. Sonneveld, 1989
GMRES Method — Generalized Minimal — Residual (GMRES) Method
Y. Saad & M. H. Schultz, 1986
R. Barret et al., 1994
Y. Saad, 1996
QMR Method — Quasi—Minimal-Residual (QMR) Method
R. Freund & N. Nachtigal, 1990
N. Nachtigal, 1991

R. Barret et al., 1994
Y. Saad, 1996
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Non-singular Matrix Equation / Nicht singulare Matrixgleichung

Non-singular Matrix /
Nicht singulare Matrix

Solution Vector /
Ldsungsvektor

Right-hand Side /
Rechte Seite

Dr. R. Marklein - NFT Il - SS 2003
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Inner Vector Product (Scalar Vector Product) /
Inneres Vektorprodukt (Skalares Vektorprodukt)

*

(x7) f}
- {x}"{y}

({x}.{¥})

€,-Norm / £,-Norm

[, = Vi) ()
=[[{x}]

Used Vector Norms in Linear
Algebra — Special Cases of the Holder Norm /
Verwendete Vektornormen in der Linearen
Algebra — Spezialfalle der Hélder-Norm

n=1

fix], - [ZHJ
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p=1 ¢,-Norm / ¢,-Norm
N
it = b+ o+ = 2o |
e
p=2 ,-Norm / ¢,-Norm
; - ; N .
H{X}Hz = \/xl Xp+XpXg +- -t XXy = anxn
n=1
p=® ¢_-Norm/ £_-Norm

sl = mas, I
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Inner Vector Product (Scalar Vector Product) /
Inneres Vektorprodukt (Skalares Vektorprodukt) £,-Norm / £,-Norm

(1) = (0)7) ) Jixi], - H{<{}§H},{x}>

T T
X1 X1 X1
X X * X * * *
{X} = :2 {X}T = :2 = {xlax29-..,xN} ({X}T) = :2 = {xl ,X2 ,...,XN}
xN N xN _X'N
X1
. | x : : : N
o=l =T 00 = [f i | 2 = oy =[S,
: n=1
XN
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Non-singular Matrix Equation / Nicht singulare Matrixgleichung

Iterative Method / Iterative Methode

{x}(l) _ {X}(l—l) () {p}@ [=1,2,...,L

Korrekturterm

New Approximation / @ Old Approximation / =D Correction Term /)"
Neue Approximation Alte Approximation

oD Scalar Coefficient at Iteration Step / / Skalarer Koeffizient zum Iterationsschritt /

{p}(l) /th Direction in the N-Dimensional Space / /-te Richtung im N-dimensionalen Raum

Dr. R. Marklein - NFT Il - SS 2003
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Iterative Method / Iterative Methode
{X}(l) _ {X}(l—l) " a® {p}(l)

New Approximation / & Old Approximation / (=1 Correction Term / @
Neue Approximation Alte Approximation Korrekturterm

o) Scalar Coefficient at Iteration Step / / Skalarer Koeffizient zum lterationsschritt /

{p}(l) Ith Direction in the N-Dimensional Space / /-te Richtung im N-dimensionalen Raum

{X}(/) _ {X}(/—l) + a(l) {p}(l)

[New Approximation /](1) [Old Approximation /](1_1) [Correction Term /j(l)

Neue Approximation Alte Approximation Korrekturterm

{X}(l) a® {p}(l)

Geometric Interpretation /
Geometrische Iterpretation
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Dr. R. Marklein - NFT Il - SS 2003

Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Error Functional / Fehlerfunktional

£O((x)7) = [alix)" - (o}

Scalar Coefficient, which Minimizes the Error Functional /
Skalarer Koeffizient, welcher das Fehlerfunktional minimiert

(AR} )
11

o - _

with the Residual Vector /
mit dem Fehlervektor

(r}” =[x} ~ (b}
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Non-singular Matrix Equation / Nicht singulare Matrixgleichung

[A]ix} = {b}

lterative Method / Iterative Methode

{X}(l) _ {X}(Z—l) n a® {p}(l) 1=1,2,...

New Approximation / o Old Approximation / (=1 Correction Term / 0
Neue Approximation Alte Approximation Korrekturterm

:: Solution in Form of a Finite Sum / Losung in Form einer endlichen Summe

()= ()0 +a® () +a® p)® - raD p)

{p}®and {p}? are Mutually Conjugate if / {p}® und {p}? sind gegenseitig konjugiert
(7) (j)> _ for/ .
A ,|A =0 #
<[ Itpj" [P} iy L#]

Dr. R. Marklein - NFT Il - SS 2003
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Conjugate Gradient Method (CG Method) — Convergence /
Konjugierte Gradientenmethode (KG Methode) — Konvergenz

[Aly. v Xty =)y 1=01,..,L L<N
Important Property of the CG Method: Wichtige Eigenschaft der CG Methode:

For an arbitrary non-singular N x N Matrix [A], the CG Fur eine beliebige nicht-singulare N x N-Matrix [A], der
algorithm produces in at most N iteration steps (assuming  CG-Algorithmus produziert in hochstens N-Iterationsschritten
infinite-precision arithmetic). This is a direct consequence (bei unendlich genauer Arithmetik). Dies ist eine direkte
of the fact that L = N {p} vectors span the solution space. Konsequenz des Faktum, dass L = N {p}-Vektoren den

Finite-step termination is a significant advantage of the Lésungsraum aufspannen. Dass die Losung in einer endlichen

CG method over other iterative algorithms. Anzahl von lIterationsschritten generiert wird, ist ein

entscheidender Vorteil der KG-Methode gegenliber anderen
iterativen Algorithmen.

Convergence: Yes or No? / Konvergenz: Ja oder Nein?

fxp - {x}) < - 1) > m

fe} < |x - (x|

(] il - o]
o] ]

RV = RV <107
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Conjugate Gradient Method (CG Method) /
Konjugierte Gradientenmethode (KG Methode)

Initialization / Initialisierung (I = 0) Guess / Schitze (X} (1@ =[A]{x}” —{b}

lterate / Iteriere ([ =1,2,...)

Dr. R. Marklein - NFT Il - SS 2003

(0} =[] {1}

(Al 1) AT 5]
e el

a® =

(x)0 = (x4 g ()
{r}(l) - [A]{x}(’) ~{b) = {r}(l—l) 0 [A]{p}(l)

1) (
i W S
- {b}m - H {b}(z)H

Stop here, if the error falls below some predefined value!

(AT ({4} (AT 1))
[ar iy

o _

Polak-Ribiére

{p}(l+l) _ —[A]a {r}(l) +,3(1) {p}(z)
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Conjugate Gradient Method (CG Method) /

Konjugierte Gradientenmethode (KG Methode)

Initialization / Initialisierung (I = 0)

lterate / Iteriere ([ =1,2,...)

Dr. R. Marklein - NFT Il - SS 2003

Guess / Schatze {X}(O) {r}(O) = [A]{X}(O) —1{b}
(0} = [ {r}”

([A)ey ") [T (™
a1 N

oD =

—

{X}(l) _ {X}(l—l) +a(1) {p}(l)

I N I A R I NI

O] AT - oy
w7 [

Stop here, if the error falls below some predefined value!

RO =

o Jar el

a7 ]

Fletcher-Reeves

{p}(1+1) _ —[A]a {r}(l) +ﬂ(1) {p}(l)
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EM Scattering by a Circular PEC Cylinder — EFIE — 2-D TM Case — Results /
EM-Streuung an einem kreisrunden IEL-Zylinder — EFIE — 2D-TM-Fall — Resultate

ZoKM (0,0, =180°, )

Rap: M) - 20 =ReHir=adi] *20

R
g == [—
q 1 — @
ZyRe{k™M) - B
0 € ez Ao
!% EE— w 5 ] 3 e @
- i T ) - A EHR prm ) - 20
P o g — o
™ :'. - / \ / _“_
Zom{KIM| T, D 7
"
g s o
E 3 E] % W D w0
Ko - 2 S -20
o P E=]
Zy|K,
0™ez :
£ — =
£l E 1 '”“:'* &2 13 ELE
s
\\
T ‘\\
B
g
/
RO 1 \\

Itstion number
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Incident Field /
Einfallendes Feld

Scattered Field / |

Streufeld

Total Field /
Gesamtfeld

Magnitude /
Betrag
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PEC Scatterer: Franz, Stratton-Chu, and Franz-Larmor Version of EFIE and MFIE /
IEL Streuer: Franz, Stratton-Chu und Franz-Larmor Version von EFIE und MFIE

Boundary condition for R €
Randbedingung fir R € S,

n,xER,0)=0
(> Kn(R,0)=0)
n, xHR,0)=K (R, 0)

Null field inside the scattere
Nullfeld innerhalb des Stre

{E(R,»), HR,0){ =0

Direct scattering problem for PEC scatterer /
Direktes Streuproblem fiir IEL Streuer

!

gSC

Different versions of EFIE and MFIE (for R € S, )/ Verschiedene Versionen von EFIE und MFIE (fir R € S ):

Franz version / Franz-Version:

jouPVeng xgp. K. (R,0):GR-R,0)d’R"=-n *xE"(R,0)

1 ' ' 20 in
KRyt o K.R,0)G R-R,0)R = n, xH"R0)
Stratton-Chu version / Stratton-Chu-Version:

. / 4 ' / ' ’ 24/ i
n XC'@B,ESSC:GVSC li.]a):uOKe(B ,C()) G(B_B ,Cl))+ﬁv .Ke(g 9a))v G(B_B ,C()):|d B = _ESC XEIH(Baa))

—SC

ége@,w)—g“xvuﬁﬁ K. (R,0)xV'GR-R,0)d’R = n, *xH"(R,0)

Franz-Larmor version / Franz-Larmor-Version:
—n ><V><V><<”> K. (R ,w GR—R',a) dzR' =n XEin R,w
j 0 —SC R'ESSC=5VSC —c (_ > ) (_ el ) _— —SC = (_ )

1 i i 2 ' 1
SKRo)-n xVxfp o K(R,0)GR-R,0)d’R =n,xH"(R,0)
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PMC Scatterer: Franz, Stratton-Chu, and Franz-Larmor Version of EFIE and MFIE /
IML Streuer: Franz, Stratton-Chu und Franz-Larmor Version von EFIE und MFIE

Boundary condition for R e .
Randbedingung fir R € S,
n, xH(R,»)=0
(- K.(R.®)=0)
ESC X E(B) 6()) = _Km (Ba a))

Null field inside the scattere
Nullfeld innerhalb des Stre

{E(R,»), HR,0){ =0

Direct scattering problem for PEC scatterer /
Direktes Streuproblem fir IEL Streuer

!

gSC

Different versions of EFIE and MFIE (for R € S, ) / Verschiedene Versionen von EFIE und MFIE (fir R € S,):

Franz version / Franz-Version:

%Igm (R,0)+n, xfp (R,®)+G_(R-R’,0)d’R' =-n *E"(R,0)

K
BIGSSC =6Vsc —m
. ’ [ 2 ' 1
josPVone xfh K, (R,0)GR-R,0)d’R =-n,xH"(R,0)
Stratton-Chu version / Stratton-Chu-Version:

1 ' ' ' 25/ i
SKnRo)-n xVxfp o K, R,0)xV'GR-R,0)d’R =-n,*E"(R,0)

e xJho o, [jwsogm (K,w)G(B—B',w)+ﬁV“Km(B’,w)V’G(B—B',w)}dzg' =-n, xH" (R,0)
Franz-Larmor version / Franz-Larmor-Version:

1 ' ' 21/ i
SKnRo)-n xVxfp o K,(R,0)GR-R,0)d’R =-n,*E"(R,0)

g Y *$Po e, Kn@®,0)GR-R,0)d’R = n, xH"(R,0)
Dr. R. Marklein - NFT Il - SS 2003 0
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PEC Scatterer: EFIE and MFIE for the 2-D TM Case and 2-D TE Case /
IEL Streuer: EFIE und MFIE fiir den 2D-TM-Fall und 2D-TE-Fall

Boundary condition for r e (],
Randbedingung fir r e C,

n,xE(r,0)=0
(5 K, (r,0)=0)
n, xH(r,0) =K, (r,0)

Direct scattering problem for a PEC scatterer /
Direktes Streuproblem fiir einen IEL Streuer

Different versions of EFIE and MFIE (for r € C. )/ Verschiedene Versionen von EFIE und MFIE (fur r € C,):

TM Case / TM-Fall:

jomd, . o Ko @0)Ge-r0)dr’ =-E (r,0) EFIE
_KTM (r, a,)+<ﬁ KTM(r )Mdz':—gs -gi“(z,w) MFIE
CsczaS ansc
TE Case / TE-Fall ,
1 0 oG(r—r ,m)

dr =¢, +E" (r,0) EFIE

SC

‘ @ KTE (l' ) L
J a)go ansc r'eCy =08, on

K o=, o Ko R - i o) MFIE

e =08 on

W|th / m|t e - Esc gz = _g[

Dr. R. Marklein - NFT Il - SS 2003
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PMC Scatterer: EFIE and MFIE for the 2-D TM Case and 2-D TE Case /
IML Streuer: EFIE und MFIE fiir den 2D-TM-Fall und 2D-TE-Fall

Boundary condition for r e (],
Randbedingung fir r e C,
n, xH(r,0)=0
(- K.(r,0)=0)
nsc x E(Ea a)) = _Km (Eaa))

Null field inside the scatterer /
Nullfeld innerhalb des Streuers

{E(Ea C()), H(E, a))} =

Direct scattering problem for a PMC scatterer /
Direktes Streuproblem fiir einen IML Streuer

Different versions of EFIE and MFIE (for r € C. )/ Verschiedene Versionen von EFIE und MFIE (fiir r € C,):

TMC / TM-Fall:
ase 2 0Ga-r. o)

0 ™
ot 5, og KR ) D e W ) ERE
sc SC
' oG(r—-r ,w
SKM o) -§, KM w)% E (r.0) MFIE
SC sC
TE Case / TE-Fall
. TE , ! ’ r in
g0 5 - Py o5, Kt @) G—r 0)dr’ = 1] (r,0) _—
1 oG(r-r ,@ -
EKEE(E,"")H.R'GC s, K @ )%df =¢,*E"(r,0) MFIE
- s sc
W|th / m|t e _Esc gz = _g[
Dr. R. Marklein - NFT Il - SS 2003 33
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EM Scattering by a Perfectly Electrically Conducting Cylinder: MFIE Discretized in the 2-
D TM Case with Pulse Basis and Delta Testing Functions / EM-Streuung an einem ideal
elektrisch leitendem Zylinder: MFIE diskretisiert im 2D-TM-Fall mit Impuls-
Basisfunktionen und Delta-Testfunktionen

2-D Case /

PEC Cylinder / 2D-Fall

in
Source / E; (r.o) IEL Zylinder

Quelle in

R=re.(p)+ze.(p)
Hf_/ T/
=r =0

I
|-

KTM r',w)

2-D PEC TM MFIE / 2D-IEL-TM-MFIE

KTM(I" a)) 5G(l’ l’ C())

TM
K (r a)) - Cﬁ _assc €z = 671

dr’ =—e, -H (r,m)
SC

This is a Fredholm integral equation of the 2. kind in form of a closed line integral
for the unknown electric surface current density for a known incident field. /
Dies ist eine Fredholmsche Integralgleichung 2. Art in Form eines geschlossenen Linienintegrals
fur die unbekannte elektrische Flachenladungsdichte flir ein bekanntes einfallendes Feld.

Gr—r,w)= ng) (ko ‘L—l_‘")

Dr. R. Marklein - NFT II - SS 2003 34




PEC Scatterer: Combined Field Integral Equation — CFIE = EFIE and MFIE /
IEL Streuer: Kombinierte Feldintegralgleichung — CFIE = EFIE und MFIE

Internal Resonance Problem /
Probleme mit internen Resonanzen

Il

llI-Conditioned Matrix Equation — The Matrix Operator has a Null Space at these Resonance Frequencies /
Schlechtgestellte Matrixgleichung — Der Matrixoperator besitzt einen Nullraum bei den Resonanzfrequenzen

Il

Non-Uniqueness Due to Internal Resonance Problem /
Nichteindeutigkeit wegen den internen Resonanzen

Remedy of the Non-Uniqueness / @
Lésung der Nichteindeutigkeit

CFIE is a Linear Combination of the EFIE and MFIE /
CFIE ist eine linear Kombination von EFIE und MFIE

CFIE = & EFIE + (a —1) Z MFIE

with /

mit

0<a<l —->a=0.2

Dr. R. Marklein - NFT Il - SS 2003
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PEC Scatterer: Combined Field Integral Equation — CFIE = EFIE and MFIE /
IEL Streuer: Kombinierte Feldintegralgleichung — CFIE = EFIE und MFIE

CFIE is a Linear Combination of the EFIE and MFIE /
CFIE ist eine linear Kombination von EFIE und MFIE

CFIE = « EFIE + (a —1) Z MFIE

with /

, <a<l —>a=0.2
mit

Antilla, G., N. G. Alexopoulos:

Scattering from Complex Three-Dimensional Geometries using
a Curvilinear Hybrid Finite-Element-Integral Equation Approach,
Optical Soc. America, Vol. 11, pp. 1445-1457, April 1994.

Dr. R. Marklein - NFT Il - SS 2003
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PEC Scatterer: Combined Field Integral Equation — CFIE = EFIE and MFIE /
IEL Streuer: Kombinierte Feldintegralgleichung — CFIE = EFIE und MFIE

FAST AND EFFICIENT

ALGORITHMS IN COMPUTATIONAL

ELECTROMAGNETICS

. wino cHS EHINS
AN ﬂ“‘l:-].ﬂ. M
ERIC MICHIELSSEN

MG SONG

Dr. R. Marklein - NFT Il - SS 2003
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PEC Scatterer: Combined Field Integral Equation — CFIE = EFIE and MFIE /
IEL Streuer: Kombinierte Feldintegralgleichung — CFIE = EFIE und MFIE

CFIE is a Linear Combination of the EFIE and MFIE /

CFIE ist eine linear Kombination von EFIE und MFIE ~ CFIE =a EFIE +(a 1) Z MFIE a=0.2
joue. . K ,0)Gr-r w)dr =-E'(r,0)
_EFIE
_KTM(r w)+(ﬁ KTM(r )Md[,:—gs oHin(I_',a))
se =0Sse e

_MFIE

aJa),uOCJSr e KM (', 0)G(x -1, 0)dr
B ™ ™, 0Grx-r, o)
+(a-1)Z, K (r, a))+<ﬁ c. o, K., (r,m) o dr

= -aE} (r,0) - (a-1)Zse, +H" (r,0)
Dr. R. Marklein - NFT Il - SS 2003 38
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Penetrable Scatterer_:_ Transition Conditions /
Penetrable Streuer: Ubergangsbedingungen

{ER,0), HR,0)} #

Transition Condition for R e S/
Ubergangsbedingungen fiir Re S,
2 )
_ Ko@) s/ mg | D () 00 () || KR
2 1 - £ s
LISCX-E()(BJ)_E()(BJ)- { sf/ of i r() 7 o q
- K (R t) ws/mq g % 5(2)(3,1) ﬂr()B(l)(R ) :{ 'uOﬂr K R.1) ws/mq
n. x| H? (R.¢)-H" (R.1) |= i Hr 1 0 sf/ qf
I S - 0 st/ qf 1
~ i Q) (R,1) ws/mq
R,/) ws/m @) & ) _ o
n +[D? (Ri)-DO(Ry) |- BB MM | BV (R) 5 EO (R) = el
L - 0 sf/ qf L & 0 sf/ qf
) 0 | m(Rf) ws/mq 1
-[B (R,1)-B" (R,1) —{ (1) —n,(R,)) ws/mq
= \= = =] 2 H 1 2) m\=
0 sf/ qf . H( )(Bat) r( ) H()(R l) ﬂoﬂr( )
a 0 sf/ of

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

VXE(R,/) = —%B(BJ) 3 (RD) VXER,0)= joBR,0)-J. (R,)

0
VxHR,)= —DR,H+J.(R.) VxH(R,0) = - joDR,0)+J,(R,®)

V+D(R,?) = p.(R,1) V+.D(R,0) = p.(R,®)

V-B(R,!) = pp, (R,1) V+.B(R,0) = p,. (R,0)

D(R,w) = 56, (R)E(R, w)
]_B(Ba a)) = lu():ur (B)H(Ba a))

VxVXER,0)= joVx BR,0) -VxJ (R 0)
%,_/
~ tto 11, (R)H(R,)
VxVxH(R,0)=-joVx DR,0) +VxJ (R 0)
%,_/
=&pér (B)E(B»w)

Dr. R. Marklein - NFT Il - SS 2003 40
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

VxVxE(R,o)
=jovx  BR,m) -VxJ, (R,0)
%/_J
=po i (R)H(R,0)
= Ja)ﬂov X [/ur (B)H(Ba CO)] -Vx Jm (Ba a))

= jouys 1, (R)  [VxHR,0)]  +[Vi (R)]x H(R,0)
%f—J %f_J
—j(O D(Baw) +le(Baa)) — VXE(R (())+ J (R a))
202 (R)E(R,@) jougu,(R) = 7 pou (R)"™T

1

= jou, {[— jou, (R)2z (RIE(R, @) + 1, (R)L (R, )] +[V 11, (R)] x {m
0 r\ 22

= 0 oty (R) 0 (R)ER, )+~ [V, (R)] x V X E(R, )
jouy . (R)

¥ jouop (R (R,0) + —— [V, (R)] %, (R, @)~V x I, (R, 0)
;UO;Ur (B)

Vu (R)]=Vinu (R
m (B)[ 4 (R)]=V1n s, (R)

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

0 0 0
VInu (R)=|e. —+e,—+e_— |In , Vs
/Jr(_) (_x ax =y ay =z aZJ :ur(x y Z)

e Lin g (6 ,2) +e, Lo g, (6, 9,2)+ e, 0 1, (5,9, 2)
Ox ) Oz

o a 0 oo 1 oa 1 0
—ln,ur(x,y,z)=——lnur(x,y,z)=——1n,ur(x,y,z)=—ln g = = _ﬂr(x,y,z)
X ox O oa Ox oa _ ox «a ox u.(x,y,z)ox
—a —a —a He (X,9,2) r
1
_a
0 1 0
—In X, ),z2)=——— . (X, y,z
~ e (X, ,2) yr(x,y,z)ﬁx'u( Y,z)
0 1 0
—Inu(x,yz)=———""-—u(x,y,z
o My (X, ,2) ﬂr(x,y,z)ayﬂr( Y,2)
0 1 0
—Inu(x,y,z)=——u.(x,y,z
. M (X, 9,2) ﬂr(x’y’z)az;ur( Y,z)
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

o 1 o

— Iy (x,y,z)=——u.(x,,
o My (X, ,2) ﬂ(,,z)au(yZ)
0 1 0

—In X,),z2)=———— X, ¥,z
5 e (x,,2) i r2) 2 e (x,y,2)
0 1 0
~Inu(x,y,z)=—— ,
. e (x,,2) ﬂ(,’)aur(xyZ)

Vin i, (R) = €, ln e, (x, 3, 2) 4 €, I g (5, 9,2) + €, -l (5, ,2)
Ox T oy Oz

—(e ;iﬂ (x,y,z)+e, —iﬂ (x,y,2) + —iﬂ (xyZ)]
Ty ot T p (e yzyax ue(x,p,z) x0T
1 0 0 0
(—x_lur(x y.z)+e —,ur(x,y,Z)JrgZ—yr(x,y,z)j
/’lr(x y»Z) a ax
;( a+e a+eij (x,¥,2)
My (x,Y,2) = ax 5o S
= V. (R)
Ry T

g [V R = Vi (R

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

1
4 (R)

[Vlur (B)] =ViIn Hy (R)

VxVxER,0) =0’ 11, (R)&é, (R)ER, ®) + .;[Vur (R)]*xVxE(R,®)
Jopyu (R)

+ josto ity (R)I, (R, @) + — [V, (R)] ¥, (R,0) V< (R, )
/u0/ur (B)

1
VxVxE(R,0) -0 1y, (R)go &, (R)E(R, ) =

[V n 4, (R)]* V x E(R, )

Wf

) 1
+]a)ﬂ0ﬂr (B)le (B,CO) + _[V In /ur (B)] B lm (Baa)) -V x lm (Ba CO)
Ho

€0&r> Holy
& R), 4 (R)

{E(R,0), HR, @)} #

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

& (R), 4 (R)

E(RR,0)#0

VXV XER,0) =0 oty R)ey e RE(R,) = L [Vin g (R)]xV*ER,0)

L

¥ ot 11, (R, (R, @) + ——[Vn 1, (R)]x I, (R,@) -V xJ, (R,)

St Ra) 10 =0
J (R,@ R)=u, R=V 0 [VIng (R)]=0 ReV
m (B)le (B,a)) _ Hedo (_ ) Hy (_) Hy = s [V In 1, (B)] % lm (B,a)) _ )= [ Hy (_)] U KReyg
0 J.(R,w)=0 R=V 0 J.Row)=0 ReV,

VxVXE(R,0) -0 tou, (R)&s (RER, 0) = ja)l,u [Vin 1, (R)[x VX E(R,0) + joug it (R)I (R,0) -V xJ, (R, ®)
0
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

& (R), 4 (R)

ER,0)#0

VXV x E(B’ 0)) - a)zﬂoﬂr (B)gOgr (B)E(B» CO) = [v In Hy (B)] XV x E(Ba CO) + ja)ﬂoﬂr (B)Je (B’ a)) -V X lm (Ba (O)

WL
E(R.0) =E" (R,0)+E* (R, 0)
VXV x| E"(R,0)+ E*(R,0) |- 0% 1y, (R)205, (R)| E" (R,0) + E* (R,0)

1
Jouy

[Vin 1, (R)]xV x| E" (R, @)+ E*(R,0) |+ jouo s, R), (R,0) ~V x (R, 0)

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

VxVx|E"(R,0)+E°(R,0) |-k’ E"(R,0)+E* (R,0)|
1
jopg

+K*(R)| E"(R,0) +E*(R,0) |-#* | E"(R,0)+E* (R,0) |

[VIn 4, (R)] %V x| E™ (R, @) + E*(R, @) | + jo s, (R) (R, @)~V x J,, (R, @)

1
j o

+ [kZ (R) - k> ] [E (R,0)+E* (R, w)]

[Vin 4, (R)] ¥V x| E" (R,0) + E¥(R,0) | + jopo st R (R,0) =V x I, (R, @)

VxV x| E"(R0)+E*(R,0) |-k | E"(R,0)+ E*(R,0)
1

WHy

= jopott; (R, (R,0) -V xd,, (R,@) +——[VIn 1, (R)]x VX ER, @) +| k> (R) - k* | ER, @)
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

VxVx| E"(R,0)+E*(R,0) |- E"(R,0)+E¥(R,0)

= jopos (R (R, 0) =V xJ, (R,@) +——[VIn 4, (R)|x VX E(R, @) + | K*(R) - & |E(R, @)

WHy

VxVxER,0) -k ER,0) = jouyu,(R)J,(R,0)-VxJ (R,0)+

[VIn x4, (R)]xV xE(R, )

WL
+[ K (R) - |ER,0)

V XV x E(Bs a)) = jw/'lOIUr (B)le (Bs a)) -V X lm (Ba 0)) + [v In Hy (B)] XV x E(B’ 0)) + k2 (B)E(Ba a))

WL

VxVxE(R,®)-k*(R)E(R,®) = jouu,(R)I,(R,0)-VxJ (R,®)+

[V 1n 41, (R)]x V X E(R, )

WHy

VxVxE™(R,0) - 0> tyit,606, E™ (R,0) = jopyi,J, (R,0) -V xJ_(R,0)
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

ER,0)#0

VxER,0)= joB(R,0)

V x H(B’ CO) = .] COQ(B» a)) D(B: CU) =&pér (B)E(Ba a))
V:DR,0) = p.(R,0) B(R,®) = yyu;(R)H(R, )
V.B(R,0) = p,(R,0)

VxVxE(R,0) -0 ge, (R) i, (R)E(R,0) = 115V In 11, (R) X[V XE(R, )]
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

V X v x E(Ba a)) - a)zgogr (B)ﬂoﬂr (B)E(Ba 0)) = IUOV 11’1 /ur (B) X [v X E(Ba a))]

1_ gr (B)

iy

r

leq (Baa)) = ja)gogr |: }E(B)w)

Equivalent Current Densities /
Aquivalente Stromdichten

lfr? (Ba a)) = ja);uO;ur |: }H(Ba a))

VxVxE(R,0)+ 0 &, 1o 14, ER, ) = jouy i, IS (R,0) =V x SR, )

VxVxE(R,®) = 1oV In 51, (R) X[V xE(R, 0)]+ 0> &y 1y, (R) 14, (R)E(R, @)

VxVxE(R,0) -0 &1y E(R,0) = 1,V In 1, (R)x[V XE(R, ®)]+ ®* &y 4y, (R) 1, (R)E(R, 0) — 0> £y 14y E(R, @)

VXV x E(Ba a)) - a)zg():u() E(Ba a)) = IUOV In ;ur (B) X [V X E(Ba a))] + a)ng/'l() [gr (B),ur (B) - gr;ur ]E(Ba a))

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

VxVxER, ) - 051 E(R,0) = 45V In 4,(R) x [V X ER, 0)]+ 0’19 [ £, R) 1, (R) - £,44, | ER, )

& (R)

Jo'(R,0) = josys, {1 - }E(B@)

Equivalent Current Densities / r

Aquivalente Stromdichten - u.(R)

T

lfrcll (Baa)) = ja)/uO/ur |: :|E(Baa))

VxVxE(R,0)+0%&ys, o1, ERR, 0) = jouyu I (R,0) -V x J9(R,0)

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Representation Theorem /
Penetrable Streuer: Reprasentationstheorem

VxVxER,0) -0 && (R)uu(RER, ®) = 14V In 11,(R) x [V x E(R, »)]

. R
TR, 0) = josys, {1 _&R)
E

T

}E(B, )
Equivalent Current Densities /

Aquivalente Stromdichten | M (R)

T

lfr(ll (Baw) = ja)ﬂOﬂr |: :|H(Baa))

VxVxE(R,0)+ 068, 11014, E(R,0) = jouyu, IS (R, 0) -V x I (R, )

Dr. R. Marklein - NFT Il - SS 2003
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Penetrable Scatterer: Data Equation and Lippmann-Schwinger Equation /
Penetrable Streuer: Datengleichung und Lippmann-Schwinger Gleichung

{ER,0), HR,0)} #

VXV xE(R,0)+ 0 &8, o 1, E(R, 0) = jouy i, I (R, 0) -V x J(R, 0)

FR)
k2

Z(R)= 1

E“R,0)=k*[[[ ., 7®R)ER,0)-GR-R0)d'R’

ER.0)=E"R0)+£*[[[  7R)ER,0)-GR-R,0)d'R

=E* (R,0)
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Penetrable Scatterer: Data Equation and Lippmann-Schwinger Equation — 2-D TM Case/
Penetrable Streuer: Datengleichung und Lippmann-Schwinger Gleichung — 2-D TM Case

Eo&rs Moy

gSC

) EOEr (E)’ #Oﬂr
E(r,0)=E"(r,0)+E*(r,0) p

E(r,w)#0

AE,(r,0) + 0’ o6, (t) o 14, E, (¥, ) = 0

AEz (l_'aa)) + wzgogr/loﬂr Ez (l_.aa)) = a’zgogrﬂoﬂr Ez (l_" a)) - a’zé’ogr (!)ﬂOﬂr Ez (L (O)
\—/—J %,—J
=k? =k? =k (r)
AE,(r,)+ k*E,(r,0) = k*E,(r,0) - k*(r) E, (r, )

- [kz —k? (E)] E. (r,0)

2
= ? {1 - %} E,(r,0)
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Penetrable Scatterer: Data Equation and Lippmann-Schwinger Equation /
Penetrable Streuer: Datengleichung und Lippmann-Schwinger Gleichung

Eo&rs Moy

gSC

) gogr (E)’ #Oﬂr
E,(r,0) = E,"(r,0) + E,(r, ) p

E,(r,w)#0

2
AE.(r,0)+ k*E.(r,0) = k> [1 . kﬁﬂEz (r, o)

=—x(r)
AE.(r,0)+ k*E.(r,0) = -k 7 (1) E.(r, )

sc _ 12 ' ’ - 2 1
EXro)=k[] _ 20)E(.0)Ga-r o)dr

E.(ro)=EX o) +k*[[ _ 7@)E. (' ,0)Gr-r,0)d’r
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Penetrable Scatterer: Data Equation and Lippmann-Schwinger Equation /
Penetrable Streuer: Datengleichung und Lippmann-Schwinger Gleichung

gOgr (!)5 :u01ur

E(r,w)#0

EX(ro) =k [[ Gr-r,0) y@)E (', 0)d’r
r'eS

(£} =[G][x]{E-)

- j%kaJl(ka)Hg”(k\gm—;n\) m+n
G(—>G,, =
—1+j%kaH§1>(ka) m=n
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End of 6th Lecture /
Ende der 6. Vorlesung
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