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Plane Waves

Phasor domain
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Rationale
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Independent

each other
{Ex,Hy}
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Plane Waves (Phasor Domain) ="
{ExaHy} k(wo)zwo\/ﬁzﬂ(wo) - Linear

@,

: _ o, 1 H - Isotropic
- — _ L pipr V,= = = =C = |—
§H,(z)=-Ee "B onus Jue 5 \/; e

+ —jpz + — + . )= ot _
E'e & (Z’t) ‘E ‘Cos(a)ot ﬂz o ) € (Z vpt) Time nondispersive & lossless
Progressive plane wave

¢ :real 1
: c=
Ee'* —>e;(z,t)=‘E“cos(a)ot+ﬂz+(p')=e;(z+vpt) pireal Jus

o =0

Regressive plane wave

| =1 le ?(a)o)

X
~ ~ {Ey,Hx}

=7 xi Independent
2 X E H each other
A X0y

=1, X1,
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Plane Waves (Phasor Domain) ="
{ExaHy} k(wo)zwo\/ﬁzﬂ(wo) - Linear

@,

: _ o, 1 H - Isotropic
- — _ L pipr V,= = = =C = |—
§H,(z)=-Ee "B onus Jue 5 \/; e

+ —jpz + — + . )= ot _
E'e & (Z’t) ‘E ‘Cos(a)ot ﬂz o ) € (Z vpt) Time nondispersive & lossless
Progressive plane wave

¢ :real 1
: c=
Ee'* —>e;(z,t)=‘E“cos(a)ot+ﬂz+(p')=e;(z+vpt) pireal Jus

o =0

Regressive plane wave

| =1 le ?(a)o)

X
~ ~ {Ey,Hx}

=7 xi Independent
2 X E H each other
A X0y

=1, X1,
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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
v wav
g P g real 1 é(r,t)zé(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
(9eq =& EZ o HZ = 0

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

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

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

: Lo o 1 _ M - Isotropic
CH (2)= B " e e I

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 €= .o .
- Jue  n(Et)=h(z?)
o 11
Epy =€ 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

o, w, 1 _\/; u:real c=
y =— = = =C = —
"B wonus Jue d £ o=0 VHE

27

o Memo cos(2zvx)= cos(— xj
E e’ 2 . X *
- v: frequency
. u 1 :
Progressive plane wave « X=—: period
,Dj o V

frequency: f, = ;0—"

period: T = 1

0
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Plane Waves (Phasor Domain)
{Ex,Hy} (wo):wo\/E:ﬂ(a)o Time nondispersive & lossless

g real
L :real

o =0

. cos(2zvx)= cos(z—ﬁ xj
:(z,t):‘E+‘cos(a)ot—ﬁz+(p+): ;(z—vpt) A Tx X
- v: frequency
Progressive plane wave x=L. period
“ )Ck - v :

frequency: v =

2 2x c

A :wavelength period: 4= B onue f,
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Plane Waves (Phasor Domain)

{Ex,Hy} k(a)o) — 0)0\/; — ﬂ(wo) o, = 27;f0 Time nondispersive & lossless

. &
El(z)=E'e’”

Q,

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

Progressive plane wave

® The term e/ is related to the propagation along the (positive sense of the)
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y75

Lo @ 1 :\/Z
é’H; (Z) — E+e—jﬂz [ ﬂ 0)0\/% \/E C é/ - =0 \/E

real 1

real c=

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

, a, 1 14 U real c=

N S i E & =0 Jus

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)

{Ex,Hy} k(a)o) — 0)0\/; — ,3(600) o, = 27;f0 Time nondispersive & lossless

. &
El(z)=E'e’”

Q,

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

Progressive plane wave

® The term e/ is related to the propagation along the (positive sense of the)

® When z is small with respect to A, the propagation effects become negligible
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y75

Lo @ 1 :\/Z
é’H; (Z) — E+e—jﬂz [ ﬂ CC)O\/E \/E C é/ - =0 \/E

real I

real c=

Z-axis
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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(%) _ 0)0\/; _ ﬂ(wo) w, =27 f, Time nondispersive & lossless

& .

Q,

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

Progressive plane wave
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y75

Y% 0 1 _ :\/Z
CH (z)=E*e " O R e i L o0 Jue

real 1

real c=
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Plane Waves (Phasor Domain)

EH,| k(@) =oue=p(0,)  o=2af, ,_27_c

o,
v =

"
I I _ |H
CH! (z)=E*e’” P8 aue Jue 3 \[ @, =27 J,

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

Progressive plane wave

Cc

Jo 27

Time nondispersive & lossless

g real

1

u:real Cc= \/E

o =0
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k(wo):wo\/ﬁzﬂ(wo)

®, 1

CH! (2)=E'e” 0 o i

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

Progressive plane wave
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A

Plane Waves (Phasor Domain)

_2r ¢

A

Y7,
é/:\/; w,=2rxf,

Time nondispersive & lossless

g :real
u:real

o =0

C =

1

Tz

Source-free

Medium

- Linear
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

- Lossless

E =H_=0
{Ey’Hx} Independent

each other
{Ex JH, }
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k(wo):wo\/ﬁzﬂ(wo)

®, 1

CH! (2)=E'e” 0 o i

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

Progressive plane wave
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A

Plane Waves (Phasor Domain)

_2r ¢

A

Y7,
é/:\/; w,=2rxf,

Time nondispersive & lossless

g :real
u:real

o =0

C =

1

Tz

Source-free

Medium

- Linear
- Space non-dispersive
- Isotropic

- Homodeneous (Tl — SI

- Lossless

E =H_=0
{Ey’Hx} Independent

each other
{Ex JH, }
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k(wo):wo\/ﬁzﬂ(wo)

®, 1

CH! (2)=E'e” 0 o i

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

Progressive plane wave
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A

Plane Waves (Phasor Domain)

_2r ¢

A

Y7,
é/:\/; w,=2rxf,

Time nondispersive & lossless

g :real
u:real

o =0

C =

1

Tz

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)

Source-free

Medium
{EX’Hy} k mB’—'ﬁ = [0, 27[ C - Linear
s
E’ (Z) = E'e /- - Space non-dispersive
x _ a)o @, :
B v = =cC é/ - Isotropic
cH ()= S e o Vo =2

Ete P —>e (zt ‘E ‘cos(a)t ,BZ+(P)

(z vt)

Progressive plane wave
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- Homodeneous (Tl — SI

Time dispersive (lossy)

r . — :O
e(w,)=¢(a,)-j&, (@) Ox Oy

Vi =t (@)= (2,) E(F,t):_e’(z,t

o : real

Time nondispersive & lossless

Z z
g real

1

Tz

u:real Cc=

o =0 {Ey’Hx} Independent

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

Source-free

Medium
EX,H _ _ . 27 ¢ - Linear
{ y} k(a)o) a)o\//,z(a)o)g(a)o) ﬂ(a)o) ]a(a)o) /1—7_70
E’ (Z)=E+ b= - Space non-dispersive
g _ 9, 1 _ |4 .
§H+ (Z)=E+€_jﬂz v, = 5 = — " =¢ é’—\/; w, =27, - Isotropic
y

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

Progressive plane wave

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

- Homodeneous (Tl — SI

Time dispersive (lossy)

r . — :O
e(w,)=¢(a,)-j&, (@) Ox Oy

Vi =t (@)= (2,) E(F,t):_e’(z,t

o : real

Time nondispersive & lossless

Z z
g real

1

Tz

u:real Cc=

o =0

{E,. .|
Independent
each other
{E,.H,}
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Plane Waves (Phasor Domain)

Source-free

Medium
EX,H _ _ . 27 ¢ - Linear
{E..H,} k(@) = o 2(@0) 2 (@) = B(,) - ja(@y) pe
E; (Z)=E+ b= . 7 - Space non-dispersive
CH (z)=E'e” "=p % ®,=21f, - Isotropie
y

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

Progressive plane wave
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- Homodeneous (Tl — SI

Time dispersive (lossy)

r . — :O
e(w,)=¢(a,)-j&, (@) Ox Oy

Vi =t (@)= (2,) E(F,t):_e’(z,t

o : real

Time nondispersive & lossless
z z
g real

1
u:real Cc=

o =0 \/E

{E,. .|
Independent
each other
{E,.H,}
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PIane Waves (Phasor Domain) sourcertee

Medium
27T C - Linear
A=

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

- Homodeneous (Tl — SI

E‘e P e (Zt ‘E ‘Cos(a)t Lz+o" ) (z v t) Time dispersive (lossy) E—Q—O
_ 5(wo)=51(a)o)_j‘92(“)0) ox Oy
Progressive plane wave : e _
<,u=,ul(a)0)—],u2 (a)o) e(r,t) = e(z,t
o: real

Time nondispersive & lossless
z z
g real

1
u:real c=

o =0 \/E {Ey’Hx}

Independent

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

Medium
20V - Linear

ﬂ, = = _r
T
= opace non-dispersive

- Homodeneous (Tl — SI

E‘e P e (Zt ‘E ‘Cos(a)t Lz+o" ) (z v t) Time dispersive (lossy) E—Q—O
_ 5(wo)=51(a)o)_j‘92(“)0) ox Oy
Progressive plane wave : e _
<,u=,ul(a)0)—],u2 (a)o) e(r,t) = e(z,t
o: real

Time nondispersive & lossless
z z
g real

1
u:real c=

o =0 \/E {Ey’Hx}

Independent

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

Medium

. - Li
k(a)O)Za)O\/y(a)o)S(a)o):ﬁ(a)o)—]a(a)o) /1=%[:;—p
E: (Z) = E+>< - ’ - Space r.lon-lsperswe

8((00) , :277fo - Isotropic

- Homodeneous (Tl — SI

MZ _)fz(z,ﬂ: T f‘n°<%5';?-79§=.:¢' ):ej(z_vni Time dispersive (lossy) 0 ~ 0 ~
: &(wy)= ¢ (a)-je (o) ox Oy
Progressive plane wave : L ~
</u:/u1(a)0)_]/u2(a)o) e(r,t):e(z,t
o real

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)

{E.H | k) =il elen) = o) jala) 7220 %
El(z)=E'e”™ o () = 1(o,)

CH;(Z)=E+e_jkz p 0 g(a)o) ®, =27 f,
Ee™ >

Time dispersive (lossy)

rg(wo): gl(wo)_jgz(a)o)

H :/ul(a)o)_j/uz (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)
k(a)o):a)m/ﬂ(wo)g(a)o)::B(a)o)_ja(wo) /1_271_\)1,

B4
o _ /u(a)o)
vp_?o ¢ (@)= £(,) w, =27 f,
Ete ™ e+(Z’t):e—az E* cos(a)ot—ﬂz+(p+) Time dispersive (lossy)

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

ﬂ=ﬂ1(a)o)_jﬂ2 (a)o)
o: real

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) =il elen) = o) jala) 7220 %
+ + —jkz 0
Ex (Z)=E e @, é,( ) /U(CUO)
: =— @, )=
CH (z)=E'e’ " B ’ e(a,) w, =27 f,
Ete ™ €+(Z,t) e | cos(a)ot—ﬂz+(p+) Time dispersive (lossy)

rg(wo): gl(wo)_jgz(a)o)

H :/ul(a)o)_j/uz (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)

{E.H | k) =il elen) = o) jala) 7220 %
+ + —jkz 0
Ex (Z)=E e @, é,( ) /U(CUO)
: =— @, )=
CH (z)=E'e’ " B ’ e(a,) w, =27 f,
Ete ™ €+(Z,t) e | cos(a)ot—ﬂz+(p+) Time dispersive (lossy)

rg(wo): gl(wo)_jgz(a)o)

H :/ul(a)o)_j/uz ((00)

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) Sourcertee

(2.} Ha)=onful@)e(@) = flo,)-jalo)  o2m e e

. i
E; (Z) _Ete e v o é/(a) ) } ,U(CUO) - Space non-dispersive
CH (z)=E'e’™ "B °

- Isotropic

- Homodeneous (Tl — SI

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

p=p (o)) jm (@) ax—ay—
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 /1—2—7[—‘}—” Time nondispersive & lossless

T AL T 5 E =H =0
S F o Fot g :real | : :
u:real Cc=
o=0 \/E {Ey’Hx}
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)

; ‘ \ 7 t=t,
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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

_ % 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)

A

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,

N
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Plane Waves (Phasor Domain) sourcertee

(2.} Ha)=onful@)e(@) = flo,)-jalo)  o2m e e

5
ET (Z) = Ete /* ﬂ(a) ) ’ - Space non-dispersive
X
0

CH (z)=E'e’

- Isotropic

- Homodeneous (Tl — SI

Time dispersive (lossy)

E'e™ - e (zt)=e“|E" cos(a)ot—ﬂz+¢+) (o) =¢&(a,)-je, (o) 0 _0 _
= (@)= jips (@) 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’™
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e (Z,t) =e “|E”

cos(a)ot — fz+ (p*)

Ete? —el(z,t)= ‘E*‘cos(a)ot — Bz + go*) =e' (z —vpt)

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)
(o) =¢&(a,)-je, (o) 0

p=p (o)~ ju (@)

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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{Ex,Hy}

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

Plane Waves (Phasor Domain)

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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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)
(o) =¢&(a,)-je, (o) 0

p=p (o)~ ju (@)

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 v,=c

t=t,
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Plane Waves
Time dispersive medium
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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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