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Memo

Mathematical tools to be exploited

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 3 Maggio 2022



Plane Waves

Time domain (TD)

Spectral domains
Phasor Domain (PD)

Fourier Domain (FD)

Dispersive media: attenuation, distortion, phase velocity and group velocity

General expression of plane waves (PD)

Incidence
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Source-free

Plane Waves (Spectral Domains)
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Medium
(dE , E  H (dE _ E H - Linear
de - _]a)O'UHy { y} _ de :_]a)’UHy { y} - Time dispersive
JH a’ZE)C PCE -0 k= oy e JH dzEx PE =0 - Space non-dispersive
Yo joeE, a2 k=Bja | S jaep g2 N T isotropic
dz dz - Homogeneous (Tl - Sl)
+ —Jjk - Jjk é, \/7 i 7
E (z)=E/e ' +E " =E (0)e " +E, (w)e’® 9_0 _,
(H,(z)=E/e’ -E " gHy(z,a)) =E; (w)e ™ -E (0)e” o o
é(F.r)=¢€(z.1)
{g(wo):‘gl(a)o)_jgz(wo) {g(a)):gl(a))—]gz( ) ﬁ( 9t) ( t)
/U(a)o):/u (a)o)_jluz(a)o) ;U(a))::u1 a))_j/uz(a)) ‘
E =H =0
k(a)o):a)o\/y(a)o)g(a)o) =a)\/,u(a))g(a))
k(”O):ﬂ(wo)_ja(a)o) k(a)):ﬂ(w)_ja(w) {E H}
Phasor Domain Fourier Domain »?""*) Independent

each other
{Ex JH, }
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Plane Waves

Phasor domain

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 3 Maggio 2022



Rationale

Time domain Phasor domain
Nondispersive & lossless Dispersive & lossy
media media

Phasor domain

Nondispersive & lossless
media
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Plane Waves (Phasor Domain) sourcertee

(dE , E.H
d = _]a)O/LlHy { y}
d]—Z[ d’E 2 k=oyus
- =—jagE,  dZ HOE=D k=p-ja
. dzZ
MU
- oo
E (z)=Ele’* +E " €
(H,(z)=Eje’™ —E.e*

{5((00) = gl(a)o)—jez(a)o)

()= (@)= ju (@)

k(w,)= a)o\/u(a)o)g(a)o)
k(@)= B(a,)— jar(@,)

Phasor Domain
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Medium
- Linear

- Time dispersive
- Space non-dispersive
- Isotropic

- Homogeneous (Tl - Sl)

E =H_=0
{Ey’Hx} Independent

each other
{Ex JH, }
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Source-free

Plane Waves (Phasor Domain)

Medium
E H . - Linear
(Bt} K@) = ou(@)e(@) = Ala,)-ja(a,)
E. (Z) = E;e_jkz + E;ejkz - 'Space non-dispersive
+ - Jjkz - Jkz < (0) )= ,u(a)o) - Isotropic
CH,(2)=Ele ™ ~Ere 7 o)

Time dispersive (lossy)

(e(w,) =& (@)~ j& (@)
,U(a)o) :M(a)o)_jﬂz(wo)
o#0

Independent

each other
{Ex,Hy}

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 3 Maggio 2022




Source-free

Plane Waves (Phasor Domain)

Medium
_ _ - Linear
k(a)o) = Wy HE —ﬂ(wo)
E (Z) = - Space non-dispersive
Do - Isotropic

) e _ oy 1 _ _|H
CH,(z)=-E€e” "~ 5~ Iz Jm . 4—\E

= MOInoaened
- Lossless

Independent

each other
{Ex,Hy}
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Plane Waves (Phasor Domain) Sourcertres

Medium

{Ex,Hy} k(wo)=wo\/ﬁ=ﬂ(wo) - Linear

E (Z) = - Space non-dispersive
Dy @ 1 H - Isotropic
— S Ao _]ﬁZ Yy = = = =C = e P
CH (z)— E e "B apJue Jue “ \/8

y

M10Aerned
- Lossless

HS —jﬂZ =F _ + _ +\)_ + .
E'e € (Z’t)_‘E ‘Cos(a)ot ﬂz+(p )_ex (Z vpt) Time nondispersive & lossless

Progressive plane wave & real 1
:real €= [
Eol _)e;(zjt)=‘E“cos(wﬂt+ﬂz+(p‘)=e;(z+vpt) {g:ga HE

Regressive plane wave

Il
X

N

v He) g H )
[ =i xi Independent
y oz 7% each other
A A A {Ex 2 Hy }
lx = ly X lz rso di Campi Elettromagnetici 3 Maggio 2022



Plane Waves (Phasor Domain) Sourcertres

Medium

{Ex,Hy} k(wo)=wo\/ﬁ=ﬂ(wo) - Linear

E (Z) = - Space non-dispersive
Dy @ 1 H - Isotropic
— S Ao _]ﬁZ Yy = = = =C = e P
CH (z)— E e "B apJue Jue “ \/8

y

M10Aerned
- Lossless

HS —jﬂZ =F _ + _ +\)_ + .
E'e € (Z’t)_‘E ‘Cos(a)ot ﬂz+(p )_ex (Z vpt) Time nondispersive & lossless

Progressive plane wave & real 1
:real €= [
Eol _)e;(zjt)=‘E“cos(wﬂt+ﬂz+(p‘)=e;(z+vpt) {g:ga HE

Regressive plane wave

Il
X

N

v He) g H )
[ =i xi Independent
y oz 7% each other
A A A {Ex 2 Hy }
lx = ly X lz rso di Campi Elettromagnetici 3 Maggio 2022



Plane Waves (Phasor Domain) Lo
(£,

k(a)o):a)()\/;:ﬂ(a)o) -L-inear - .
El(z)=E'e’” E (z)=E "

é/H;(Z)zEJre_j'Bz ;H;(Z)Z—E_ejﬂz Vp = = = =c é’: % - Isotropic

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Time nondispersive & lossless i — i —
Progressive plane wave ox Oy
v wav
P g real 1 é(r,t):é(z,t
-real ¢= ~ ~
Ee'”* —)e;(z,t):‘E_‘cos(a)ot+ﬂz+gp_):e;(z+vpt) g:r(c;a VHE h(¥,r)=h(z,¢)
_ ¥
Regressive plane wave
E =H =0

k(a)o):a)o\/E:,B(a)o) {Ey,Hx}
Independent

each other
{Ex JH, }

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 3 Maggio 2022



Plane Waves (Phasor Domain) Lo
(£,

k _ — - Linear
(o=
E® (Z) = E'e /- =Space non-dispersive

_ @, @y 1 H - Isotropic
+ o+ —jBz v, = = = =c = |—
CHY (z)=E'e ’ S =4

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Time nondispersive & lossless i — i —
: ox Oy
Progressive plane wave . veoal ~ ~
&.red 1 é(F,1)=€(z,t
:real C= _ ~
- Jue  n(E)=h(z?)
7 3
E =H =0

k(“’O)ZQ’O\/E:ﬂ(COO) {Ey,Hx}
Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain)

k(a)o) = @)+ | e = ﬂ(a)o) w =2rf, Time nondispersive & lossless
g :real |
w, w, 1 _|u u:real c=
V =— = = =C é/ = .|
"B wJus  Jue \ & o =0 VHE
Memo cos(2zvx)= cos(z—ﬁ xj
Ete /P A x X

v: frequency

:  period

» V
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Plane Waves (Phasor Domain)
(0)0) = C‘)O\/E = ﬂ (a)0 Time nondispersive & lossless

g real
y _O @y 1 . = H L :real
"B wonus Jue & o =0

cos(2zvx)= 003(277[ xj

v: frequency

Ete /P :(z,t):‘E+‘cos(a)ot—ﬁz+(p+): ;(z—vpt)

Progressive plane wave

X=1

—: period
o 1%

frequency: v =

2 2x c

A :wavelength period: A== = oue  f,

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC

Corso di Campi Elettromagnetici 3 Maggio 2022



Electromagnetic spectrum

Wavelength
(metres)
Radio Microwave Infrared Visible Ultraviclet X-Ray Gamma Ray
} } 4 } } } I Free space (Linear, isotropic,
193 102 L 108 L e A local, homogeneous)
)
I NZE N WAVAVATLTATITN :
A=—
Frequency f
{Hz)
“ R J: frequency
1012 [VIE S DAL (1L 1020 A. wavelength
t c: light speed
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Plane Waves (Phasor Domain)

(E.H,} k(ay)=anue = Blay)  @=2af,
El(z)=E'e’” .

y =% __ % 1 _c 42\/2
CH (z)=E*e’” "B woJue Jus £

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Progressive plane wave

® The term e /**
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Time nondispersive & lossless
& :real I

L :real c=
o =0 VHE

is related to the propagation along the (positive sense of the) z-axis
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Plane Waves (Phasor Domain)

e;(z,t)=‘E+‘cos(a)ot—ﬂz+(o+):e;(z—vpt) vy =%

:a)():l:
"B anJue ug

A
v
~
Il
~
\S)

v
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Plane Waves (Phasor Domain)

k(a)o) = @)+ | e = ,3(0)0) w =2rf, Time nondispersive & lossless
g real 'Y
1 a=r_C
_ @, 1 Y L :real c= L f
y =— = = =C g_ —_— 0
"B wonue ue & c=0 VHE

E'e’” —>el(z,t)= ‘E*‘cos(a)ot - Bz + (0*) =e. (z—vpt)

Progressive plane wave
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Plane Waves (Phasor Domain)

(E.H,} k(ay)=anue = Blay)  @=2af,
El(z)=E'e’” .

y =% __ % 1 _c 42\/2
CH (z)=E*e’” "B woJue Jus £

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Progressive plane wave

® The term e /**

Time nondispersive & lossless
& :real I

L :real c=
o =0 VHE

is related to the propagation along the (positive sense of the) z-axis

® When z is small with respect to A, the propagation effects become negligible
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Rationale

Time domain Phasor domain
Nondispersive & lossless Dispersive & lossy
media media

Phasor domain

Nondispersive & lossless
media
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Plane Waves (Phasor Domain)

Ex’Hy} k(@,) = oy ue = B(@,) @, =27 f,

Q,

o o 1 _ _ [H
CH (z)=E‘e¢’” vP_ﬂ_a)O\/E Jue 1 \/Z

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Progressive plane wave
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Time nondispersive & lossless
& :real 7

L :real c=
o =0 VHE
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Plane Waves (Phasor Domain)

Ex,Hy} k(a)o):wo\/ﬁzﬂ(wo) o, =27xf, /1:27z_£

o,
v, =

o, 1 _ :\/Z
CHY (2)= Ee " B ol dm ¢ TN @

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Progressive plane wave

Jo 27

?_
=2rf,

Time nondispersive & lossless

g :real
u:real

o =0
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1

Tz

C =
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Plane Waves (Phasor Domain) Sourcertee

Medium
{ExaHy} k(a)O):a)O\/E:ﬂ(wo) 1_27[_ C - Linear

s
E’ (Z)=E+e_jﬁz =Space non-dispersive
X ®, 1 = H

< w,=2rxf,

CH! (z)=Ee” B ade

- Isotropic

- Homodeneous (Tl — SI

- Lossless

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Oox
Progressive plane wave

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E {Ey’Hx}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain) Sourcertee

Medium
{ExaHy} k(a)O):a)O\/E:ﬂ(wo) 1_27[_ C - Linear

s
E’ (Z)=E+e_jﬁz =Space non-dispersive
X ®, 1 = H

< w,=2rxf,

CH! (z)=Ee” B ade

- Isotropic

- Homodeneous (Tl — SI

- Lossless

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Oox
Progressive plane wave

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E {Ey’Hx}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain) Sourcertee

Medium
{ExaHy} k(a)O):a)O\/E:ﬂ(wo) 1_27[_ C - Linear

e
E® (Z) = E'e /- i ,U =Space non-dispersive
W, @, I
9 \/ < @, =21 f,

CH! (z)=Ee” B ade

- Isotropic

- Homodeneous (Tl — SI

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Oox
Progressive plane wave

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E {Ey’Hx}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain) sourcertee

(E.H,}

a’o @,

CH ()= E'e " S e D

Ete’ —el(z,1) ‘E ‘cos(a)t ,Bz+(p) (z vt)

Progressive plane wave
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Medium
27[ c - Linear
5
- Space non-dispersive
«/ , 277fo - Isotropic

- Homodeneous (Tl — SI

Time dispersive (lossy)
_ ) = = O
&(m) =& (o) je, (@) ox

ula)=p (@)= jm(@)  &(F,1)=¢(zt
o: real

N

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E {Ey’Hx}

Independent

each other
{Ex JH, }
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&

Ete’ —el(z,t)= ‘E*‘cos(a)ot — Bz + (p*) =e! (z—vpt)

Progressive plane wave
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Plane Waves (Phasor Domain) sourcertee

Medium

k(wo):C"O\//"(a)o)g(a)o):ﬂ(wo)—ja(a)o) a=2E_C _inear

77
- Space non-dispersive
= ﬁ - Isotropic
< @, =21 f,

- Homodeneous (Tl — SI

Time dispersive (lossy)
_ ) = = O
&(m) =& (o) je, (@) ox

ula)=p (@)= jm(@)  &(F,1)=¢(zt
o: real

N

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E {Ey’Hx}

Independent

each other
{Ex JH, }
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NJH
CH (z)=E*e’” :

Ete’ —el(z,t)= ‘E*‘cos(a)ot—ﬂz +(p+) =e! (z—vpt)

Progressive plane wave
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Plane Waves (Phasor Domain) sourcertee

Medium

k(a)o) = a)o\/y(a)o)g(a)o) :ﬂ(a)o)_ja(wo) - Linear

- Space non-dispersive
_ - Isotropic
@, =21 f,

- Homodeneous (Tl — SI

Time dispersive (lossy)
‘ : =—=0
8((()0)281(0)0)—]82((00) Oox
ploy)=m(@)=jm (@) &(F,0)=¢(z1

o real
g

N

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E {Ey’Hx}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain) Sourcertee

Medium

Bt k(o) = apu(@,)e(@,) = Ba,) - ja(a,)
E; (Z) _ E+e—jﬁz ,U(CUO) - Space non-dispersive

CH (z) _ e it g(wo) = 5(0)0) o =27f, - Isotropic

- Homodeneous (Tl — SI

Ete ¥ —>e;(z,t)=‘E*‘cos(a)ot—ﬂer(p*):e:(z—vpt) Time dispersive (lossy) o ~ P -
) 8((00)281(600)—]'82((00) ax_ay_
Progressive plane wave

N

ula)=p (@)= jm(@)  &(F,1)=¢(zt

o real
g

Time nondispersive & lossless

E =H_=0
g :real
u:real Cc= 1
LO Jue {E,.H_}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain) sourcertee

Medium

k(@)= apJu(@)e(@,) = B(@,) - ja(a,)  Linear

- Time dispersive
- Space non-dispersive

_ - Isotropic
g( ®, ) @, =21 f,

MZ —e (z,t)=[E" (‘no(%é‘o?-'ﬂFF;”' \ :e+(z—vﬁ

=X D

N —

Progressive plane wave
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- Homodeneous (Tl — SI

Time dispersive (lossy)
_ ) = = O
&(m) =& (o) je, (@) ox

ula)=p (@)= jm(@)  &(F,1)=¢(zt
o: real

N

Time nondispersive & lossless

E =H_=0
g :real
u:real Cc= 1
Lo Jue {E,.H_}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain)
k(a)o):a)o\/y(a)o)g(a)o) =p(@,)- ja(a,)

y g(a)O) o :27rf0

Time dispersive (lossy)

(8((00)2 gl(a)o)_jgz(a)o)

ﬂ(a)o):ﬂl(a)o)_j/uz (a)o)
o: real

Time nondispersive & lossless

g real

1
u:real Cc=

o =0 \/E
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Source-free

Medium

- Linear
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

E =H_=0
\E,-H.

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain)
k(a)o):a)m/ﬂ(wo)g(a)o)::B(a)o)_ja(wo) ﬂzz—ﬂ

b
o _ /u(a)o)
Vo = ,6? ¢ (@)= £(,) w, =27 f,
Ete ™ e+(Z’t):e—az E* cos(a)ot—ﬂz+(p+) Time dispersive (lossy)

(e(@,) =& (@)~ j&, (@)

ﬂ(wo)::ul(a)o)_j:uz (a)o)
o: real

L

Time nondispersive & lossless

& real

1
u:real c=

o =0 \/E
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Source-free

Medium
- Linear

- Time dispersive
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

0 O
o
€(F,1)=€(z,t
ﬁ(i‘,t)zﬁ(z,t)
4
E =H_ =0
\E, .|

Independent

each other
{Ex,Hy}
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Plane Waves (Phasor Domain)

(E.H ) k(@) = oy [1(@,)2(@,) = B(@,) - jar(@,) 1:%
E!(z)=E"e’™ o, (@)= ()
CH (z)=E'e" "B e (ay) ©, =27,
Ete e e+(Z’t):e—az E* cos(a)ot—ﬂz+(p+) Time dispersive (lossy)
. (8((00)281((00)—]82((00)
Progressive plane wave

ﬂ(a)o):ﬂl(a)o)_jﬂz (a)o)
o: real

Time nondispersive & lossless

g real

u:real Cc=

o =0 \/E
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Source-free

Medium

- Linear
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

E =H_=0
{Ey’Hx} Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain)

® )=, w)elw)=0(w)-ja(w 2z v,
k( 0) 0\//”( 0)(0) :B( o)J(o) ﬂ_ﬂ_f)

(@)

cos(a)ot — Pz + ¢+) Time dispersive (lossy)

Ete ™ S e+(z,t)=e_az E"

_ r‘5'(@0):‘5'1(@0)_].‘92(0)0)
Progressive plane wave

ﬂ(wo)::ul(a)o)_j:uz (a)o)
o: real

L

Time nondispersive & lossless

& real

1
u:real c=

o =0 \/E
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Source-free

Medium
- Linear

- Time dispersive
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

0 O
o Gy
€(F,1)=€(z,t
h(F.¢)=h(z)
4
E =H_=0
\E, .|

Independent

each other
{Ex,Hy}
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Plane Waves (Phasor Domain)

{E.H | k)=o) elen) = o) - jala) 7220 %
ke 0
El(z)=E'e” o, £ (@)= 1(o,)
CH (z)=E'e’ B o e(a,) ®, =27 f,
Ete ™ €+(Z,t) e | cos(a)ot—ﬂz+(p+) Time dispersive (lossy)

(e(@,) =& (@)~ j&, (@)

ﬂ(a)o):ﬂl(a)o)_jﬂz (a)o)
o: real

Time nondispersive & lossless

g real 1
u:real Cc=

o =0 \/E
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Source-free

Medium

- Linear
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

E =H_=0
{Ey’Hx} Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain) Sourcertee

(2.} Ha)=anful@)e(@) = flo,)-jalo)  o2x e e

p
E;- (Z) = E+e_jk2 ) & é/(a) ): /u(a)O) - Opace non-aispersive
CH;(Z)=E+e_ij PR 0

- Isotropic

- Homodeneous (Tl — SI

) Time dispersive (lossy)
Ete’® e*(z,t):E+ cos(a)ot—,Bz+(p+) &(m))=¢(m)-je, (@) 0 0

,u(wo)::‘ﬁ(a)o)_jﬂz(wo) OX N oy -
0 real é(F,t)=8(z,1t

B (=B k(o)=0u=p5a,) PR h(F,7) =’h'(zat)

CH;(Z) =E'e’” v “o é’ _ |H ﬁ—z—ﬁ—v—p Time nondispersive & lossless

T RN T 5 E =H_ =0
S F o Fot g :real | : :
u:real Cc=
5 =0 Jue {E,.H_}
Ete’? —el(z,t)=|E" cos(a)ot—ﬂz+go+):e; (z—vpt)

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain)

Time nondispersive & lossless medium

e/ (z,t) :‘E+‘cos(a)ot—ﬁz+go+):e:(z—vpt)

v

i E 9 \ i=1,
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Plane Waves (Phasor Domain)

Time dispersive & lossy medium
e (z,t)=

E+

e cos(a)ot —pz+ g0+) =e “e! (z — vpt)
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Plane Waves (Phasor Domain)

Time dispersive & lossy medium
e:(z,t)z

E+

e cos(a)ot — Bz + go*) =e “e; (z — vpt)

A

y =% cos(a)ot—ﬂz+¢)+)
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Plane Waves (Phasor Domain)

Time dispersive & lossy medium
e:(z,t)z

E+

e cos(a)ot — Bz + go*) =e “e; (z — vpt)

cos(a)ot — pz +¢)+)
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Plane Waves (Phasor Domain)

Time dispersive & lossy medium
e:(z,t)z

E+

e cos(a)ot — Bz + go*) =e “e; (z — vpt)

cos(a)ot — pz +¢)+)
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Plane Waves (Phasor Domain)

Time dispersive & lossy medium
e;(z,t)z

E+

e cos(a)ot — fz+ go*) =e “e! (z — vpt)
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Plane Waves (Phasor Domain)

Time dispersive & lossy medium
e;(z,t)z

E+

e cos(a)ot — fz+ go*) =e “e! (z — vpt)

t=t,

\ \/ o
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Plane Waves (Phasor Domain) sourcertee

(2.} Ha)=anful@)e(@) = flo,)-jalo)  o2x e e

7
E’ (Z) = Ete /* ﬂ(a) ) ’ - Space non-dispersive
0

CH (z)=E'e’

- Isotropic

- Homodeneous (Tl — SI

Time dispersive (lossy)

E'e™ - e (zt)=e“|E" cOs(Cf)ot—,BZ+(P+) e(a,)=¢&(a,)-je (o) 0 _0 _
ﬂ(a’o):M(a)o)_j:uz(wO) ox Oy
o: real é(r,t):é(z,t

0, =27/, h(F.t)=h(z.1)

e
H+ _ E+ —jBz 270V ‘
é’ » (Z) = e é’ — ﬁ A="=—2 Time nondispersive & lossless E=H =0
¢ B & real 1 : i
U :real ¢ =

o=0 \/E {Ey’Hx}
Ete? —el(z,t)= ‘E*‘cos(a)ot—ﬂﬂ go*) =e' (z—vpt)

Independent

each other
{Ex JH, }
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{E..H,|
El(z)=E'e’™
CH (z)=E'e’

Ete’™

e (Z,t) =e “|E”

cos(a)ot — fz+ (p*)

Ete? —el(z,t)= ‘E*‘cos(a)ot — Bz + go*) =e' (z —vpt)
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Plane Waves (Phasor Domain)
k(")o):a’m//"(a)o)g(a)o) =p(@,)- ja(a,)

Source-free

Medium

- Linear
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

Time dispersive (lossy)
e(a,)=¢&(a,)-je (o) 0

(o) = (@)= ju (@)

o real

Time nondispersive & lossless

E =H_=0
g real
U :real Cc= 1
LO Jue {Ey,Hx}

Independent

each other
{Ex JH, }
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Plane Waves (Phasor Domain)

{Ex,Hy}

4 _ o+ —jkz
Ex(Z)_E ! | . :&: 0)0
CH (z)=E'e’ "B

Ete ™ > e+(z,t)=e_‘” E*

cos(a)ot — fz+ (p*)

Ete’? —>el(z,t)=|E"

cos(a)ot - pz+ go*) =e’ (z —vpt)
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wefaataet@)] Refaea]

Source-free

Medium

k(a)o) = a)o\/y(a)o)g(a)o) :ﬁ(a)o)_ja(a)o) - Linear

- Time dispersive
1 - Space non-dispersive

- Isotropic

- Homodeneous (Tl — SI

Time dispersive (lossy)
e(a,)=¢&(a,)-je (o) 0

(o) = (@)= ju (@)

o real

Time nondispersive & lossless

E =H =0
g real
M rea _\/7
_ He E H
c=0 { g x} Independent

each other
{Ex JH, }
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B, )

El(z)=E'e’™

Plane Waves (Phasor Domain)
k(a)o)za)o\/y(a)o)g(a)o) :ﬂ(a)o)_ja(wo) - Linear

| Lo )
(H! (z)=Ee™ " Re{y i @,)e(@,)}

Ete ™ > e+(z,t)=e_‘” E*

cos(a)ot — fz+ (p*)

@ 1
y N _ _
g ﬂ W A HE 775 €
Ete’? —>el(z,t)=|E" cos(a)ot—ﬂango*):e;(z—vpt)
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Source-free

Medium

1 - Space non-dispersive
= =v (o - Isotropic
ey, "
e v - Homogeneous (TI — SI

Time dispersive (lossy)
e(a,)=¢&(a,)-je (o) 0

,u(a)o) :M(a)o)_jﬂz (a)o)
o : real

Time nondispersive & lossless

E =H_=0
g real
U :real C= ,—1
{‘70 He {Ey’HX}

Independent

each other
{Ex JH, }
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Plane Waves

Time nondispersive & lossless medium

t=t, (=t

. Z ]
N N
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Plane Waves
Time dispersive medium
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Plane Waves (Phasor Domain)

Time nondispersive & lossless

g real
u:real k(C‘)O):a)o\/E::B(wo)
o =0
y =% _,
c= 1 CF

Time dispersive (lossy) Aft ti
enuation

r8(&)0):(91(a)0)—j82(600) 00
T @)= (0) = jrn (@)

o: real

> Distortion

_%

k(a)o)=a)0\/u(a)0)5(a)0) =B(w,)-ja(a,) Y B =v,(m)
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4‘60 Brillouin diagram

b B B
nondispersive

dipersive
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Plane Waves (Phasor Domain)

Time nondispersive & lossless

g real
u:real k(C‘)O):a)o\/E::B(wo)
o =0
y =% _,
c= 1 CF

Time dispersive (lossy) Aft ti
enuation

r8(&)0):(91(a)0)—j82(600) 00
T @)= (0) = jrn (@)

o: real

> Distortion

_%

k(a)o)=a)0\/u(a)0)5(a)0) =B(w,)-ja(a,) Y B =v,(m)
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Brillouin diagram
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