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MS Fields — Magnetic Dipole Moment /
MS-Felder — Magnetisches Dipolmoment

Magnetic Dipole Moment / _Ho 3
p, = [[f, R*I.RER

Magnetisches Dipolmoment

Example: Magnetic Dipole Moment of a Current Loop /
Beispiel: Magnetisches Dipolmoment einer elektrischen Stromschleife

z
A

Source / C J.(R)=1y0(r-r)o(2)e, (2), 1 >0
S

Quelle 7

\R ; BZI’QF(Q)‘FZQZ

Iy J.(R)

p, =[], RxJ.R)ER

RxJ (R)=[re,(p)+ze, |x| I 5(r-1)3(2)e, (¢)]
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MS Fields — Magnetic Dipole Moment of an Electric Current Loop /
MS-Felder — Magnetisches Dipolmoment einer elektrischen Stromschleife

Source / .

Ouel Vs J.(R) =1 5(’”"”0)5(Z)§¢ ((0)7 >0
elle

[~ X
Y
I @1(4&

I=][1.R)-ds
S

S

= [ | 160-1)5@)e,(0)we,(p)dzdr

r=0z=— ]

:]O
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MS Fields — Magnetic Dipole Moment of an Electric Current Loop /
MS-Felder — Magnetisches Dipolmoment einer elektrischen Stromschleife

RxJ (R)=[re, (p)+ze. x| I 5(r-1)5(2)e, ()]
=1y0(r-1)8(z)[re, (p)+ze. |xe, (@)

e (p) e,(p) e,
=1,0(r-rn)o(z)| r 0 z
0 10

= [, 8(r- 1) 5(2)[ re, — ze, ()]

p, =[], R*L®ER
© 2r ©

o [ ][ 10000 e, -z (o)) ardpa:

r=—00 p=0z=—0

o0

:“OTIO | T T5(r—r0)5(z)rgzrdrd(pdz

| r=— @=0z=—0

o 2r
- [ ] ] 80-m)5)ze, (o) rdrdpdz
r=—0 @=0z=—00
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MS Fields — Magnetic Dipole Moment of an Electric Current Loop /

MS-Felder — Magnetisches Dipolmoment einer elektrischen Stromschleife

0

_ Hol,
4| ]

2r  ©

r=-00 @=0z=-0

—m

5(r-1)6(z)r* drdpdze. -
J I

o0 o0

27
j ja(r-ro)a(z)zg,,(go)rdrdgodz

r=—00 @=0z=-00

o0

_ Hol
|

f

r=-00 =0z=-00

0

Holy

r=—00

J- o(r- ro)r2

=0

I 5(r-n)d(z)r* drdpdze, because / 7

i [ 6(z)zdz=0

— Z=—00

[ o()¢z
]

=2r

de |dr |e

UL

o0

=,Uo7ﬂo{

r=—00

Example: Magnetic Dipole Moment of a Current Loop /
Beispiel: Magnetisches Dipolmoment einer elektrischen

2
=ty €,
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MS Fields — Magnetic Dipole Moment of an Electric Current Loop /
MS-Felder — Magnetisches Dipolmoment einer elektrischen Stromschleife
Example: Magnetic Dipole Moment of a Current Loop /

Beispiel: Magnetisches Dipolmoment einer elektrischen
A Stromschleife

Source /
Vs

Quelle

_ 2
Bm—ﬂoﬂlo”o €,

P, 1o
N xy Plane /
~e, —
P, =% xy - Ebene
z
A
Source / 2
Quell V. P =—#ymlyry e,
elle
> P.~ I
Y N xy Plane /
~—e, >
B, 7% xy - Ebene
x I (R)[ Bm
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MS Fields — Magnetic Dipole Moment of an Electric Current Loop /
MS-Felder — Magnetisches Dipolmoment einer elektrischen Stromschleife

Example: Magnetic Dipole Moment of a Current Loop /
Beispiel: Magnetisches Dipolmoment einer elektrischen
A Stromschleife

_ 2
Bm—ﬂoﬂlo”o €,

P, ~ o
xy Plane /
p ~e — 1
—m xy - Ebene
z
A
Source /
Quelle AP, P, = Ho7 Qo7 €
P, ~ o
xy Plane /
p ~¢ —
—m xy - Ebene
P.(R)¥(R) =J (R)
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ES and MS Fields — Electric and Magnetic Dipole Moment /
ES- und MS-Felder — Elektrisches und Magnetisches Dipolmoment

Electric Dipole Moment /
Elektrisches Dipolmoment

v, =[], ~.®) R &R
[AS m| [As/m } [m]:[mﬂ

v

Z[As m]
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P

= [%S_Jm]

Magnetic Dipole Moment /
Magnetisches Dipolmoment

j j j R x J.(R) d3
[Vs/Am] _[m] [A/m } [mﬂ

{w]

X P.(R)V(R) =J.(R)

P, = Ho7Qc|V]a" e,




MS Fields — Magnetic Polarization of Materials /
MS-Felder — Magnetische Polarisation von Materialien

N .
I1f,, Bu@®dr =3 p? e |
. i=1

I
1
I
1
vop,i=1,2,3,4
:
1
1

B(R) = {,U()H(B) +PL(R) ReVy —m
Ho H(B) B € Vvac L
1 Magnetic Dipoles /
'Magnetische Dipole !
HR)+ uyyM(R) Rel.
B(R) = {ﬂo_(_) HoM(R) ReV
IUOH(B) B € Vvac
B(R) = 1HR)+P,(R)
=t (R)H(R) R) Relative Permeability /
#r(R) ‘Rejative Permeabiltat
= 1) H(R) + 4o [ 14 (R) 1] H(R)
:Bm (B)

P (R) =y [, (R)-1]H(R)

R R Magnetic Susceptibility /
=Im(R) Zm(R) Magnetische Suszeptibilitt
= HpXm(R)H(R)
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MS Fields — Relative Permeability /
MS-Felder — Relative Permeabilitat

Material / Material

Diamagnetic / Diamagnetisch
Silver / Silber

Lead / Blei

Copper / Kupfer

Paramagnetic / Paramagnetisch
Vacuum / Vakuum

Air / Luft

Aluminum / Aluminium

Tungsten / Wolfram

Platinum / Platin

Ferromagnetic / Ferromagnetisch

Nickel / Nickel
Iron / Eisen
Permalloy
Superalloy
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Mo
<1
0,99998

0,99999

B> 1

1

1,00000035
1,000024
1,000067
1,000256

w, >> 1

600

5.000 (>> 1000)

150.000
1.000.000
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Electromagnetic (EM) Fields — Classification /
Elektromagnetische (EM) Felder - Klassifikation

Maxwell’s Equations

Time Varying

Rapidly Time
Varying Fields

Slowly Time
Varying Fields

0B _, oD _
o ot

0

=

Time Constant
Fields

d

20
ot =

Y

Electro.- Electro-
magnetic quasi-
(EM) static
Fields (EQS)
Fields

Magneto-
quasi-
static

(MQS)
Fields
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Stationary
Current
(SS)
Fields

Electro-
static

(ES)
Fields

Magneto-
static
(MS)
Fields
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EM Fields — EM Wave — Radar Systems /
EM Felder — EM-Wellen — Radar-Systeme

- — _1_....*
Radar - R
/“ . —g-l-*
Antenna Beam / B |
Antennenstrahl

Groc Pt
Threshold Detection Level 2 /
Detektionsschwelle Pegel 2
——————————— Vrmmmemenn e aemmnn e Folse frory e ) = Oyl
Gl arm /[ =—""701 2

Threshold Detection Level 1/ il ",Falsch-

Detektionsschwelle Pegel 1 alarm P
....... e~ ""Target1/_‘_ N | (o T ————————— 'GI&C-Prmm(l_J

Ziel 1

|

Mean Noise Level /

Mittlerer Rauschpegel ‘ HH 1
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Time / ——a
Zeit
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EM Fields — EM Waves — Doppler Radar Systems /
EM Felder — EM-Wellen — Doppler Radar-Systeme

Range vector \

NS
i
1
i
i
N
HI
| <

Velocity Vector /
Geschwindigkeitsvektor

Stationary Source / (a)
Stationare Quelle

- ™

(wave moving (wave moving

in direction in the same

opposite to that direction as

of the source) the source) (b)

Moving Source /
Bewegte Quelle
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EM Fields — EM Waves — Satellite Communication /
EM Felder — EM-Wellen- Satellitenkommunikation

N
<>

35,786 km

Equator

Satellite @9@

/ Alrcraft

d Land mobile Ship
 —

network

\ Qeostationary
orbit

S
{a) Geostationary satellite orbit

%

wl-

Worldwide coverage by three
®) satellites spaced 1%0“' a}ll;art
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EM Fields — EM Waves — Elementary EM Waves /
EM Felder — EM-Wellen — Elementare EM-Wellen

Cylindrical Wave Front / Spherical Wave Front /
I Zylindrische Wellenfront Kugelwellenfront
Two-Dimensional Wave / Plane Wave Front / /
Zweidimensionale Welle Ebene Wellenfront ‘l f
\‘g 4 ~ '
.-___.-" -;:_-_-_j__féf__—___:::-"
ittt WH__.E‘." ﬁ"::\)x
\‘“‘a,__ _:—;;'_—:_’_j:;_‘i-- — ‘
—_—
(a) Circular Wave / (b) Plane and Cylindrical Waves / (c) Spherical Wave /
Zylinderwelle Ebene und zylindrische Wellen Kugelwelle
. kR Plane Wave in the Frequency Domain
ER,0)=Eq(k,0)e™™ Propagating in k Direction /
~E, (1A<,co) oikk-R Eb_ene_ W(_alle |m_ Frequenzbere_lch,
- die sich in k Richtung ausbreitet
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EM Fields — EM Waves — Antenna Systems /

EM Felder — EM-Wellen

Electric field lines
of radiated wave \ -

Antenna O \a
Transmission lm/ \\

b
Generator Guided EM wave ]

\;‘J o
Transition O /J /
region . d

Wave launched
into free space

{a) Transmission mode

\
|
|
4 —=
|
|

Antenna

\

Transmission line =\

Rec ¢ ¢ ¢ ’| I| ‘ - Ty
; 4
Detector Guided EM wam /
or receiver .

Transition

region ot et

Incident

wave

{(b) Reception made
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- Antennensysteme

Source . -
\ .
[ L— | | . ! -
/ R /Reoeiving
h f /
/ M S antenna
Transmitting )
antenna Spherical wave
Plane-wave
approximation
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EM Fields — EM Waves — Antennas /
EM Felder — EM Wellen - Antennen

|

plate
reflector
(a] Thm dipole (b] Biconical dipole (c] Loop (d] Helm
Radiating strip Coaxial feed Dielectric

substrate

S

|
| Ground metal
rlane

(f) Parabolic dizh

reflector

(21 Hom

(h] Microstrip
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(e] Log-periodic

Fhaze shifters

Feed
point —(F—<

(1] Antenma array
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EM Fields — EM Waves — Guided EM Waves /
EM Felder — EM-Wellen — Gefuhrte EM-Wellen

2\% > -
o it
I
dielectric spacing

dielectric spacing

(a) Coaxial line b1 Two-wire line (o) Parallel-plats line

metal

metal strip c onductor

metal
i
dielectric spacing Z metal ground plane
dielectric sp acing
(d) Strip line (&) Micostrip line

TEM Transmission Lines

metal %
- Concentric
dielectric
layers

(f) Esctangular waveguids (2] Optical fiber () Coplanar waveguids

/ metal ground plane
dielectric spacing

Higher Order Transmission Lines
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EM Fields — Maxwell’s Equations — Vector Wave Equation /
EM Felder — Maxwellsche Gleichungen — Vektorielle Wellengleichung

Maxwell’s equations / Maxwellsche Gleichungen

%5@, f)=-VXER) —J_(R,)

0
Constitutive Equations for Vacuum / ED(B’ = VxHR,H-J.(R,1)
Konstituierende Gleichungen
(Materialgleichungen) fiir Vakuum VeB(R,1)=p,(R,0)
B(Bat):;uOH(Bat) V.D(Bat):pe(gat)
D(R,?) = & E(R,1)
w y Continuity equations / Kontinuitatsgleichungen
Y

0
\ v'Jm(Bat)__Epm(B’t)
Ved (RO =-2 p (R
. Vel - af pe )

THR.)= - L VXER)--I_(R.1)
ot Ho Ho
0

SERN= VXHR?) ——J (R.1)
6t 80 80
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EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

0

1

—HR,1)= ——VxER,))——J,(R,?)

o m " M
TER )= ~VxHR) ——J R 2)
ot & &

2
a—H(R £)= —ivXﬁE(R n-L95 R 3)
o 1.0 16 (4)

Ro= —VxLHR) ——2J (R

ot o ERO= & az—(— ) & az—e(— )

0

0? 1 1 1 1 10

P _(R t)_ ——Vx _VXI;I(Bat) __Je(Bat) ___lm(Rat) (5)
ot Ho ) ) 1 M ot

2 ] 6
ZBR1)= iV{—iVXE@,o Ll KLY ©
ot £ Ho Ho & Ot
o? 1 10
—HR,)=———VxVxHR,)+——VxJ RN)-——J,(RD) (7)
ot Eoto Eoto Ho Ot
o° 1 10 8
—ER,1)=- VXVXER,f) ———VxJ _(R)——=J (R,r) (8
ot oo Eoko & Ot

0
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Vector identity /

EM Fields — EM Waves — Vector Wave Equation /

EM Felder — EM-Wellen — Vektorielle Wellengleichung

2
VXVXH(Rt)+§ H(R,?) = +LV><J (Rz‘)—Lng(Rt)
¢

Soto

Eoto Ho
o 1 10
VxVxER,)+—ER, )= ———VxJ (Rt)———J (R,?)
Eoto or EoHo & Ot
Velocity of Light in Vacuum / 1

Lichtgeschwindigkeit in Vakuum — © Jeozto

2
VxVxHR.) -~ L HR ) =-VxI R+ d, (R.1)
c2 ot ot
0
1 &2 0
~VxVxER,)-——ER.) = VxJ R0+ — I (R,1)
CO @t 6
VXVX=VVe—-VeV=VVe —-A "Short-hand notatlon/ V-V:V2 _A
Vektoridentitat —— AbkUrzende Schreibweise
=V2=A
1 o 0
[VVe - AJHR )~ T HR )= -V XL R0+ 6~ dy (R1)
cy Ot

1 &° 0
—|IVVe -AIER, 1) ———ER,)) = VxXJ_(R,t)+ 1y —J . (R, ¢
[ ]_(_ ) Cg atz _(_ ) _m(_ ) lu() at—e(_ )
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(1)
(2)

(3)
(4)
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EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

1 & d
—[VVe -AJHR,t)-——=HR,)=-VxJ_ (R, )+ & —J (R,
[ JHR,?) 2 azz_(_ ) J.R0) 05,9 R,
—[VV« -AJER t)—iiE(R 1) = VxJ_(R,f)+ éJ (R,?)
E=ACAT) cg atz E=ACAT) Im\™ /u() af e\

3rd and 4th Maxwell’'s equations / Constitutive equations /
3. und 4. Maxwellsche Gleichung Materialgleichungen

1
VeDR,1)=p(R,1) B(R,") =1 H(R,?) # V+HR,1)= o Pm(R,7)

V+BR,?)=p,(R,0) + D(R,?) =&, E(R,?) )
Ve E(B)t) = _pe(Bat)
€0

2
AHR,1)-V V- HR,1) — - HR 1) ==V x I (R,0)+ &, (R, 1)
'1 v CO 61‘ at
:7pm(Bat)
Ho

2
AER, )~V Ve ER0) - =L ER 1) = Vxd, RO+ pip 2 I, (R, 1)
——— ot ot

1 r ‘0
—%pe (_J)
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EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

] 2
AH(BJ)—V{L%(BJ) —ia—H(R 1) =-VxJ.(R, f)+8ogJ (R,?)
Ho ] Co or ot
1 | 18 0
AE(R, ) -V — p.(R,?) —ER, 1) = VXJ (R0 + 1y —J (R,7)
20 a CO 5t ot

2
AHR, ) ——L HR 1) =~V X I (R 1)+ 8=, (R1)+—— Vo (R, 1)
CO 6 at /’IO
1 &* 0 1
AER, 1)~~~ ER,1) = VxJ (R0 +pty— I (R, 1) +—Vp,(R,1)
CO t a 80

Laplace operator in Cartesian coordinates /
Laplace-Operator in Kartesischen Koordinaten

A=VeV

o o6 0 o o 0
=le,—te, e — |*| & te, —+& =
T Yoy ) e Yo Ca

¢, @
ol o &P
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EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

AER,7) =V +[VER, )]
0 0 0 0 0 0
= (@x a+§y 5‘@2 gj . K@x a+§y aﬂLﬁz EJE(BJ)}

Short-hand notation/ 0 _ 0
Abkirzende Schreibweise o ™ g Y &z ¢ o

AE(R,1) =V «[VE(R,?)]

=(e.0, +¢,0, +e.0, ) [(gxﬁx +e,0,+e.0, |ER, t)}

(2,0, +¢,0, +e.0, || E (R, e, +E,(R,0)e, + E, (R,0), |
= ¢80 E (R )+e e 0.E (R )+e.e 0.E (R)

+e,6,0,E (R,)+e,e 0,E (R1)+e,e.0,E (R1)
+e.¢, 0. E.(R,f)+¢e. ¢ 0.E (R,)+e.¢.0.E (R,)
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EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

AE(R,1) =V +[VER,1)]
=(e0.+€,0, +€.0;) [ (¢.0, +¢,0, +€.0, ) ER1)]
=(e.0,+¢,0,+€.0.)+ | €.0,0,E,(R0)+e,¢,0.E,(RN)+¢e.e.0,E (R,7)
+e,e,0.E,(Rf)+e,e 0,E, (R )+e,e.0,E (R1)
+e.6,0.E,(R,)+e.e,0,E (Rt)+e.e0.E (R, t)]

AE(R,1) =V «[VE(R,?)]
=e0,+| €.,0.ERN)+e.e,0.E RN)+ee.dE (R

x=x =x2y¥xty x¥zYxz

+e,e0,E (Rf)+e,e0.E (R1)+e,e.0,E (R1)

+e.e,0.E,(R,)+e.e,0.E,(R,1)+e,e.0.E (R, t)]
6,0, ©.6,0,E R )+e.e,0.E,R1)+e.e.0.E R
+e,e.0,E (Rf)+e,e0,E (Rt)+e,e.0,E (R1)
+e.e,0.E,(R,1)+e,e,0,E, R 1) +e.e.0.E R |
+e,0, -[ e.e0.E.(Rt)+e.e 0.E (R)+e.e.0.E (R?)

x=x 2x 2y~ xty xXz¥xz

+e,e,0,E.(R,t)+e,e,0,E,(R,t)+e,e.0,E (R,7)

+e.¢,0.E,(R,1)+e,0,0.E,(R1)+e.e.0.E R
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Dr. R. Marklein -

EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

AE(R,1) =V «[VE(R,1)]
=| . OE,RN)+e, 0, (R )+ 0, (R.1)

yYx "y zYxz

+| SO E R ) +e,00E, (R0 +e.0E, (R.1)

+|: gxagEx(Ba t) + gyagEy(B7 t) + gzagEZ (B? t)

z(aazc +05+ 5§)[Ex(3, Ne, +E,(R,0)e, +E, (R, t)gz]

=E(R.7)

= (0% + 0} + 22 ER 1)

AE(R,1)= (35 +85 +02 | ER1)

_[az o 8

+

Tt &ZJE(B, f)

EFT |- SS 2003
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EM Fields — EM Waves — Vector Wave Equation /
EM Felder — EM-Wellen — Vektorielle Wellengleichung

2
AH(R, 1) 2 H(R 1) =~V <3 (R, 1)+ 82 d, (R, 0)+ ~—V oy, (R 1)
CO at /u()
1 & d 1
ABR, )~ ER,1) = VxJ RO+ g2 d,(R.1) + -V, (R1)
CO 5t at 80

AE(R,1)= (07 +0 +07 |ER,)

AH(R,1) = (0} +0; +02 | H(R,1)

2 2 2 2
52 + a2 + a2 E(B’t)_iza_zg(g’t):_vxle(Bat)J“?oglm(gafﬂivpm(&f)
ox° oy oz ¢ Ot ot Lo
2 2 2 2
T T R LR = Vxd, RO+ 2 I, R+~ (Ro1)
ox~ oy oz cy Ot Ot &
0
Ved (Ri1)=——p,(R,)
ot
0
V'J@(Bat):__pe(gat)
ot
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EM Fields — EM Waves — Homogeneous Vector Wave Equation /
EM Felder — EM-Wellen — Homogene vektorielle Wellengleichung

Source-free Case/ J.(R,5)=J_ (R,/))=0
Quellenfreier Fall 5 (R,1)= p, (R,£)=0

2

AH(R 1) —%%g@, D=V XL R 1)+ 62 R0+~ (R, 1)

€0

2

Ho

=0

1 0 0 1
AE(BJ)——QEE(BJ) = Vxlm(BJ)Jrﬂoale(B’Z)Jrg—Vpe(BJ)

€0

Homogeneous Vector Wave Equations /
Homogene vektorielle Wellengleichungen

D’Alembert Operator /
D*Alembert-Operator
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0

=0

18
AH(R,7) ——Za—ZH(B, =0
¢

=0
1 &
AE(Ba Z) - _z_zE(Ba t) =
CO af

=)
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EM Fields —- Homogeneous Vector Wave Equation — Fourier Transform /
EM-Felder - Homogene vektorielle Wellengleichung — Fourier-Transformation

1 &
A-—— HR,)=0
( cg 8t2j

2
A~ lERy = 0
CO 51‘

Fourier Transform with Regard to Time / Fourier-Transformation bzgl. der Zeit

0 W<t

ERw)= [ ERY e & = FI,,{ER)} ER0)*—ER/)
t=—00

ER0=-= | ERo)e ™ do =FIL (ER )]  ERN-ER0)
T —=—00

Inverse Fourier Transform with Regard to Circular Frequency /
Inverse Fourier-Transformation bzgl. der Kreisfrequenz

o 1o
5 o—e —ja)
82 oo )
a—z o—e —@
t
o n tow o
(&) =

Dr. R. Marklein - EFT | - SS 2003 29

29



EM Fields — Fourier Transform /
EM-Felder — Fourier-Transformation

Direct and Inverse Fourier Transform with Regard to Time and Circular Frequency /
Direkte und Inverse Fourier-Transformation bzgl. der Zeit und Kreisfrequenz

® . Wt
ERw)= | ERN ™ d = FI,,{ER)} ER0)*—ER,)
{=—00
<o

BRN=>— | ERo) ™ do 7T, [ER0)]  ER)—+ER0)

a ton
— o—e —ja)
ot
Derive the Following Identity / "
Leite die folgende Identitat ab QE(BJ) _o| 1 J’ ER.0)e 1 do
ot ot| 2z *
o teo ) W=—0
o =L ] ERo)| e do
2 - ot
%e jot _ ja)e Jjot
FE(R t)}zi T [-j0ER,)]e " do
o 27 -
®=—0© l
<>
— o—e —ja)
ot
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Vector Wave Equation /
Vektorielle Wellengleichung

Homogeneous Vector Helmholtz Equation /
Homogene vektorielle Helmholtz-Gleichung

with the wave number /
mit der Wellenzahl

in Operator Notation /
in Operatorschreibweise

Dr. R. Marklein - EFT | - SS 2003

2

AHR -~ L HR =0
t

)
2

AER, -~ ER 1) =0
t

)

2

AH(R,0)+ - H(R,0) = 0
=0
2

AER,0)+ 5 ER,0) = 0
i)

AH(R,®)+k*H(R, @) =0
AER,»)+K°ER,®) =0

(A+/4°|HR,©) =0

A+K?)ER,») =0
(4+#)

EM Fields — Homogeneous Vector Helmholtz Equation /
EM-Felder —- Homogene vektorielle Helmholtz-Gleichung

Wave Number / Wellenzahl
1) 1 1/s
k=— | —=——
¢ Lm m/s

2nf 2
&) A
Wave Length / Wellenlange

_% [m_%}
_f T 1/s

k
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EM Fields — Homogeneous Vector Helmholtz Equation — Plane Wave /
EM-Felder —- Homogene vektorielle Helmholtz-Gleichung — Ebene Welle

Homogeneous Vector Helmholtz Equation /
Homogene vektorielle Helmholtz-Gleichung

(A+#°|HR,0) =0
(A+/4°|ER,@) =0

Elementary Solution of the Homogeneous Vector Helmholtz Equation: Plane Wave /
Elementare Losung der homogenen vektoriellen Helmholtz-Gleichung: Ebene Welle

HR,0)= H (ko)  o*E
ER.0)= E ko) B

%,—J
—_ _ .
) X Phase Function /
Plane Wave: Because the Phase is Amplitude / Phasenterm

Constant on a Plane! / Amplitude

Ebene Welle: Weil die Phase auf einer
Ebene konstant ist.

Plane of constant phase /
Ebene konstanter Phase

H(R, o) = H, (k. o) &R " —
HR,0)=Hy(k,0)e T~ R.R=const. R

ER0) =E(ko)ER —
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EM Fields — Plane Wave /
EM-Felder — Ebene Welle

Example: Plane Wave Propagating in Positive z Direction /
Beispiel: ebene Welle, die sich in positive z Richtung ausbreitet

E(R,0) = E)(k,0)e’5 R
= EO (Ea a)) ej R
—E,(k,w)e/*eR

—E,(k,0)e'”

Plane Wave: Because the Phase is Constant on a Plane! /
Ebene Welle: Weil die Phase auf einer Ebene konstant ist.

Plane of constant phase /
Ebene konstanter Phase

k=kk = ke

—— o - - = == A

~

ER.0) =E,(k,0)el® — k+R=z=const.

Dr. R. Marklein - EFT | - SS 2003

33

33



EM Fields — Plane Wave /
EM-Felder — Ebene Welle

Wave Vector of a Plane Wave in the Frequency Domain
Propagating in Positive z Direction /

Wellenvektor flr eine ebene Welle im Frequenzbereich, k =kk =ke

die sich in positive z-Richtung ausbreitet

E(R,0) =Ey(k,0)c!*R
=E, (ﬁ ) ejkg'B
=E, (k,w)e’eR
=Ey(k,w)e!”

Cylindrical Wave Front /
Zylindrische Wellenfront

Plane Wave Front /
Ebene Wellenfront \|

J

Two-Dimensional Wave /
Zweidimensionale Welle

\
=

f

.
e
(a) Circular Wave / (b) Plane and Cylindrical Waves /
Zylinderwelle Ebene und zylindrische Wellen

Dr. R. Marklein - EFT | - SS 2003

Spherical Wave Front /
Kugelwellenfront

/

/

(c) Spherical Wave /
Kugelwelle
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EM Fields — 3-D and 1-D Plane EM Wave - Frequency and Time Domain /

EM-Felder — 3D und 1D ebene EM-Welle — Frequenz- und Zeitbereich

ER,0)=E, (l;,w)ejkk'gsx

ERN=>- | ERo)™ do
W=—0

2 o
» kR
—_ 1 - < —j(()t
=2 j Eo(l_<,a))e e doe,
W=—00
k-R
- EO t—:ng
o

Dr. R. Marklein - EFT | - SS 2003

E(R,0) = £ (k,0)cFe,

ERN--- [ ERo)e ™ do
W=—0

0

= J‘ E, (E, a)) eFe e dw

2 °
1 7 L jwci —jot
:Z I Eo(k,w)e ‘e,.e ' dao
w=—o0
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EM Fields — 1-D Plane EM Wave /
EM-Felder — 1D ebene EM-Welle

Plane Wave Propagating in Positive z Direction / K = klA( = ke
Ebene Welle, die sich in positive z Richtung ausbreitet = =

ER,0) = Ey(k,w)e'”

Maxwell's Equations in the Time Domain for Maxwell’s Equations in the Frequency Domain for
the Source-Free Case / the Source-Free Case /
Maxwellsche Gleichungen im Zeitbereich fur Maxwellsche Gleichungen im Frequenzbereich fiir
den quellenfreien Fall den quellenfreien Fall
0/0tB(R,1) =-VxE(R,?) VxE(R,0)= joB(R,0)

d/aD(R,1)= VxH(R,?) 5 row VxH(R,»)=-joD(R,®)

— o —jo V.DR,0)=0
V.BR,1)=0 ot VeB(R.w)=0
V+D(R,)=0

B(R,0) = VxE(R,)

= L e VxE, (k.0) + (Ve )y ()
jo T
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EM Fields — 1-D Plane EM Wave /
EM-Felder — 1D ebene EM-Welle

Plane Wave Propagating in Positive z Direction / K = klA( = ke
Ebene Welle, die sich in positive z Richtung ausbreitet = =

E(R.0) = E,(k,0)c'*

1 . N . A~
B(R,®) = —| & VX Eq(k,0)+ (Ve ) < E, (k,0)
jo T

- _L(Vejkz ) xE, (K, ®)

]a)%/_, / Vejkz = §x§+§y§+§zaﬁjejkz
< X y /A
1 . . A~
=—jke, e xEy (ko)
w0 -z
J =k =|e iejkz+e iejkz+e —el¥
ko~ ~ . 7 ox 0 ~F 0z
- jkz NI Y
= gli xE,(k,m)e =0 20 jkel®
k ~ s jkz
=—kxE(R,0) =Jke.e
@ -k

B(R,0) =~ RxE(R,®)
(1))

Dr. R. Marklein - EFT | - SS 2003
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EM Fields — 1-D Plane EM-Wave /
EM-Felder — 1D ebene EM-Welle

H(R,0) = B(R,0) B(R,0) = kX E(R, o)
[0}

Hy

H(R, )= —B(R, )

Ho

- Eejkz XE()(E»CU)
Hy @

_ 1 a)/CO _]kZ XEO(g,a))
Hy @

L Leike xR )
Hoy Co

:L 5oﬂoeij§ZXEo(£,w)
Ho

= [Hoei® ¢ xEq(k,0)
Ho jﬁ

= Yok X Ey (k, 0) e'¥

Wave Impedance of Free Space (Vacuum) /
Wellenimpedanz des Freiraumes (Vakuum)

&:ZO =376.7 Q=377 Q=120x Q
€0

Wave Admittance of Free Space (Vacuum) /
Wellenadmittanz des Freiraumes (Vakuum)

= H,(k,w)e'* H(R,0) = Y,k xE(R, )

Dr. R. Marklein - EFT | - SS 2003
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EM Fields — 1-D Plane EM Wave /
EM-Felder — 1D ebene EM-Welle

Homogeneous Vector Wave Equation —

Proof: The Divergence of a Plane Wave must be Zero /
V.D(R,0)=0

Homogene vektorielle Wellengleichung —
Beweis: Die Divergenz einer ebenen Wellen muss null sein

V.D(R,0)=V+[5ER,0)]
=5 V+ER,0)
=)V [EO (k, w)e'F }

_ . N jkz N . jkz
= &) \% E‘O(liaa))e +EO(KDQ)) v. e

=0 =jke
: jkz .
= JkgOeJ EO (li,(())’gz
-z

=k

or/

E,(k,»)+k =0 E,(k,0) Lk

-0 The Divergence of a Plane Wave is Zero, if the Field is
Perpendicular to the Propagation Direction! /
Die Divergenz einer ebenen Wellen ist null, wenn das Feld
senkrecht auf der Ausbreitungsrichtung steht!

Dr. R. Marklein - EFT | - SS 2003
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EM Fields — 1-D Plane EM Wave — TEM Wave /
EM-Felder — 1D ebene EM-Welle — TEM-Welle

ik
Example: Linear Polarized in x Direction / H(B,w) = Ho (li)eJ :
Beispiel: Li larisiert in x Richt i
eispiel: Linear polarisiert in x Richtung _ Y0§z y Eo (k)eJkZ

Ey(k,0) = Ey(0) = Ey(@)e, = Yye. x By ()e e

ER,0)=Ey(o)e*e,

=y
jhkz
=Y Ey(w)e e
%/_/
TEM Wave (TEM: Transversal Electromagnetic Wave) =Hy ()
TEM-Welle (TEM: transversale elektromagnetische Welle =H, (a))e_]kz e,

ER,0)=E)(w)e“e

X

H(R.0) = Hy (0)eFe, H(R.0) = Hy(0)e' e,

=YoEy (@)e'* e, xe,
%/_/

TEM Wave (TEM: Transversal Electromagnetic Wave)
TEM-Welle (TEM: transversale elektromagnetische Welle

ER,0)=-ZkxHR,0) ER, 0)lk

HR,0) = Zilixﬂ(g,w) HR,0) Lk
0

Dr. R. Marklein - EFT | - SS 2003
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EM Fields — Plane Wave — Energy Flow — Poynting Vector /
EM-Felder — Ebene Welle — Energiefluss — Poynting-Vektor
E(R,0) = £y (0)eFe,

Plane Wave Traveling in z Direction /
Ebene Welle, die sich in z Richtung ausbreitet H(R,0) = H, (a))ejkzgy

Complex Poynting Vector /
Komplexer Poynting-Vektor

Sc(R,w)= lE(B, w)xH (R, ) VA _ Wat)
2 mm  m?

1 : * s
=L B (o) e, x 1 (0)e e,

X

1 " . .
ZEExo(w)HyO(w)gxxgyM
-~ =
1 *
:_ExO (w)I:YOExO(a))] €,

-9 (a))e The Energy Propagates in Positive z Direction! /
z = Die Energie breitet sich in positive z Richtung aus!

41
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EM Fields — 1-D Plane EM Wave — TEM Wave /
EM-Felder — 1D ebene EM-Welle — TEM-Welle

TEM Wave (TEM: Transversal Electromagnetic Wave)
TEM-Welle (TEM: transversal elektromagnetische Welle

ER.0)=-Z)kxHR,0) ER,p)lk

HR, ) = Zim@,a» HR,0) Lk
0

Sc(R,0)=-E(R,0)xH (R,)

Dr. R. Marklein - EFT | - SS 2003




EM Fields — Plane Wave — Theory — Frequency and Time Domain /
EM-Felder — Ebene Welle — Theorie — Frequenz- und Zeitbereich

Plane Wave Theory

Ol .[.I‘i"!']l._'-t .:J: :111£_'li1'|

l 1€ | ll._E b

Dr. R. Marklein - EFT | - SS 2003

43

43



EM Fields — 1-D Plane EM Wave - Frequency and Time Domain /
EM-Felder — 1D ebene EM-Welle — Frequenz- und Zeitbereich

ER,0) = Ey(0)e*e,

Assume the following Frequency Spectrum /

Nehme das folgende Frequenzspektrum an ER,?) = L OJ? ER,0)e jot dow
- 2 o
Eo(W):zﬁEo(wO)g(a)_QO) :L Oj‘) E eJkZ e —jot da)
2 P 0
EO (a)) .z
A ® jo—
27y () (0 - ) :2L j Ey(w)e © e dwe,
T
W=—00

Complex Monochromatic Plane Wave / . -
Komplex monochromatische ebene Welle —J@ (t‘cj
=Ey(ay)e e

ER,t)=Ey(ay) e‘J‘”O["COj e,

Dr. R. Marklein - EFT | - SS 2003

44

44



EM Fields — Complex Monochromatic Plane Wave /
EM-Felder — Komplexe monochromatische Ebene Welle

Monofrequent (monochromatic) plane wave in the time domain / _ et A
Monofrequente (monochromatische) ebene Welle im Zeitbereich s \ \

Plane of constant phase / N
_ '(a)ot—kk’g) Ebene konstanter Phase

A J N
ER,1)=Ey(k,0,) e / k+R =const.

=By (k@) e " IR ‘

— EO (k, 0)0) e_J a)Ot eJK'B

Wave vector /
Wellenvektor

Magnitude of the wave vector / N [2 .12, 12 _
Betrag des Wellenvektors |15| =vkek = ki +kj +k; =k
@y

l_( = kxgx +kz§z +kzgzzkzgz

Wavenumber / =20
Wellenzahl T
Circular frequency / _
Kreisfrequenz @y =27 [
Propagation direction / k= k
Ausbreitungsrichtung = |k|
Phase of the planewave/ ¢ o _

Phase der ebenen Welle

Dr. R. Marklein - EFT | - SS 2003
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2-D TM FDTD - Diffraction on a Single Slit /
2D-TM-FDTD - Beugung an einem Spalt

2D TMy FDTD result: H - component
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2-D TM FDTD - Diffraction on a Single Slit /
2D-TM-FDTD - Beugung am Spalt

Wave field movie of the A _field Wave field movie of the H_ field Wave field movie of the E| field
component / Wellenfeldfilm der component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente E -Feldkomponente
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2-D TM FDTD - Diffraction on a Double Slit /
2D-TM-FDTD - Beugung am Doppelspalt

2D TMY FDTD result: H 0 component
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2-D TM FDTD - Diffraction on a Double Slit /
2D-TM-FDTD - Beugung am Doppelspalt

Wave field movie of the A _field Wave field movie of the H_ field Wave field movie of the E| field
component / Wellenfeldfilm der component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente E -Feldkomponente
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Photonic Crystals /
Photonische Kristalle

Ph oton | C Joannopoulos, J. D.,
Crystals

R. D. Meade,

J. N. Winn:
Photonic Crystals —
Molding the Flow of

Light.
Princeton University
Press, Princeton, 1995.

Molding the Flow of Light

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

Links:

Photonic Crystals Research at MIT

Homepage of Prof. Sajeev John, University of Toronto, Canada

PHOTONIC
CRYSTALS

The Road from
Theory to Practice

Dr. R. Marklein - EFT | - SS 2003

Johnson, S. G.:
Photonic Crystals: The
Road from Theory to
Practice.
Kluwer Academic
Press, 2001.
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2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle

Relative permittivity of the background ;)
& =
Relative Permittivitdt des Hintergrundes
Relative permittivity of the rods

. o &) =114
Relative Permittivitit der Stibe

Distribution of Permitti\.rityz:r
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50

1 50 100 150 200
x in cells
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2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle

Wave field movie of the H_field Wave field movie of the H_ field Wave field movie of the £ field
component / Wellenfeldfilm der component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente E -Feldkomponente
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2-D TM FDTD - Photonic Crystals /
2D-TM-FDTD - Photonische Kristalle

Wave field movie of the H_field Wave field movie of the H_ field Wave field movie of the £, field
component / Wellenfeldfilm der component / Wellenfeldfilm der component / Wellenfeldfilm der
H -Feldkomponente H -Feldkomponente E -Feldkomponente
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End of the 12th Lecture /
Ende der 12. Vorlesung
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