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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 (PD)
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Incidence on a dielectric half-space
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Incidence on a dielectric half-space

Ky =ki +k,i +kyi,

kg =k, +ki, +kg.i,

Ky =ki +ki +kpi
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on a dielectric half-space
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dence on a dielectric half-space

_ n —Jjk kox —jk.z ky = o 1€, g =9
oo kT o kT Ele E€ e 1 R
E L E ]k X ]k 2 & #282 kl Sin 191 = k2 Sin 19T
o -kt —jkx _—jkz =\/ — K S

&y My
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Incidence on a dielectric half-space

= kg = e o k= o\ e —
C - Ee Jk, ¥ —E.e Jkx o= jki:2 1 & 9 =5

ky = ] 18, k,sin 9, =k, sin 9,

k, =k sm§

k,. =+k? —k?sin®
k. =k cos 9 % \/2 ! %
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Incidence on a dielectric half-space: 1 polarization

1+T=T Fé& r=_Z2_Zl ZF% ki = thé, 9, =9,
l_r‘zéT EEI Z1+Zz klz k2=a) ,uzgz klsil'th:kzsiI‘hQT
Z, TéFT _ 27, 22:% k. =k sing L =\/k2—kzsin2,9
I Zl +Zz kzz klz — kl COS\gl 2z 2 1 I

[Hx,Ey,HZ] Perpendicular Polarization L

OE
x:L y; HZ:£E
jou 0z ou

©
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Incidence on a dielectric half-space: 1 polarization

1+T=T Fé& r:_Z2_Z1 ZF% ki = thé, 9, =9,
l_r‘:éT EEI Z1+Zz klz k2=a) ,uzgz klsil'th:szil’hgT
Z, Té?T _ 27, ZZZ% k. =k sing L =\/k2—kzsin29
I Zl +Zz kzz klz — kl COS\gl 2z 2 1 I

[Hx,Ey,HZ] Perpendicular Polarization L

x:LaEy; HZZEE
jou 0z ou
E
[=£-R \/ 2 .9
cos G — ky/k | — S
E, o L= (14/ 1) (2/ 1)2 Rl T—14T
Té% cos191+(y1/,uz)\/(k2/k1) —sin® §

1

©
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Incidence on a dielectric half-space: 1 polarization

E ki = o4 1y € 4 =9
ré R \/ 2 . 9 I R
g — k, k | — G
E, _ o058 (’ul/’UZ) ( 2/ 1)2 St T=1+T ky = o\ 18, k sin9, =k,sin g,
E - = k. si
E; b =k 2: =\ Ky —K Sy
- =k cos

[Hx,Ey,HZ] Perpendicular Polarization L

— 1 aE’J’.}I:kx

Y jou oz o

Ey

©
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Incidence on a dielectric half-space: 1 polarization

E ki = @\ €, 9, =9
EI FJ_ :COS I (lul//uZ) ( 2/ 1) SIn- oy TJ_ =1+FJ_ k2 = O\ 1€, kl Sil’llgl =k2 SiIllgT
2. :
Tléﬂ cosSI+(y1/y2)\/(k2/kl) —sin” 4, k. =k sing . —\/kz—kz g
E 2z S\ — K Sy
I k, =k cos§

[Hx,Ey,HZ] Perpendicular Polarization L

OE
=T g =K
jou 0z ou
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Incidence on a dielectric half-space: 1 polarization

E NI 4, =38
FJ_ é = 9 . \/ k k 2 ain2 3 1 R
EI FJ_ _ COS vy (lul/IUZ) ( 2/ 1 ) SIn- oy TJ_ _1 +FJ_ k2 = W\ L&, kl sin 91 _ k2 sin ‘9T
E 2. A
T, ==L c0891+(y1//12)\/(k2/k1) —sin” 9, k, =k sm§ k —\/kz—kzsinzg
E _ 2z =\HK2 THy I
! k, =k cos§
[Hx,Ey,HZ] Perpendicular Polarization L _ B Ix
kg H, Kk
E E
E RN T
H_ = —.1 ‘ ~, H_ = ks E, G | QK' .
jou oz o), (. 9, 1?1‘ —
l—{'I P T
& ®
H
é1 H : & Hy
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Incidence on a dielectric half-space: 1 polarization

NS @ E —F o /&t L | o ket Ee /" =E e /e /F ! Hhér g =5
Y = E e /X" = E e /5 e/l
k-E=0 E,=E;e "’ k. =k sing
= 2 2 -2
T F o /Kt _p ik —jky.z k, =\/k2 —k{ sin” §,
K-H=0 Ere 7" =Ege ™e ki, = kycos 9 }

~ Ax
ky H, Kk
lgR\‘ _____ = 19T \ >
(= g
— T
kI
', ®
H
&1 Hy ! & M,
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e on a dielectric half-space: || polarization

. - . — _.l_(' = == _-k _~k k = E. —
NS @ E —F o /&t L | o ket Ee /" =E e /e /F ! Hhér g =5
kxH=—-wsE b R L e L ky = o\ e, k sind, =k, sin 9,
< — = 5 = E JR.r:E ]xlezz
N _ _]kT.r Re Re e o
K-E=0 E,=E;e k. =k sing

o=k 2. =Ky — ki sin” G

- =k cos g

‘rx

—

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

Corso di Campi Elettromagnetici 7 Maggio 2021



e on a dielectric half-space: || polarization

. - . — _.l_(' = == _-k _~k k = E. —
NS @ E —F o /&t L | o ket Ee /" =E e /e /F ! Hhér g =5
kxH=—-wsE b R L e L ky = o\ e, k sind, =k, sin 9,
< — = 5 = E JR.r:E ]xlezz
N _ _]kT.r Re Re e o
K-E=0 E,=E;e k. =k sing

o=k 2. =Ky — ki sin” G

- =k cos g

‘rx

—
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Incidence

- _ I k.x - jk ki = o\ 1€, g, =89
B, =B e/ + By /™ Ele =g o
| I : E k —E. o ox ik ky = 0\ 11,8, kysin$ =k,sin 9,
= = _F = e =E,e .
E,=E ¢ /%7 R R k. =k sing
: ! — —]kT~r —jkx — g : ! kzz = \/k22 = klz sin2 191
ETe = ETQ e 1y = kl CcoS 91
[Ex,Hy,EZ] Parallel Polarization |
z=0,x)=H, (z=0,x y
o 1 (5=00) =1, (:=0) -
E=———2 E=—"2H a .
jos 0z e L (z=0,x)=E, (z=0,x) Eg/k'
H,
G ‘1 >
MEMO z

ix(¢,-¢)=0  Fjelds at boundaries @
==
(d.-d,)-6=p. o L S & M
(b,-b,) n:o3 }7};/ 1 ‘\;/\:\\/\\
(i-i)i=-2 |
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Incidence on a dielectric half-space: || polarization

= R F o —jkx —jk k= o, e =
B _f o RE e BT =Ee e s =S G =%
| | R . . = c ; _ .
. = K F o —jkx jk.z 2 ey k sin, =k, sin 9,
= = RF Ege =Ege e _
E,=Ee ; k. =k sin$ L C 1o’ g
oKt _ g kx = jky.z 2 =\/ i

[Ex,H y,EZ] Parallel Polarization [

®
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Incidence on a dielectric half-space: || polarization

= R F o —jkx —jk k= o, e =
B _f o RE e BT =Ee e s =S G =%
| | R . . = c ; _ .
. = K F o —jkx jk.z 2 ey k sin, =k, sin 9,
= T Ky F Ege =Ege e :
E,=Ee ; k. =k sin$ L C 1o’ g
oKt _ g kx = jky.z 2 =\/ p —# SIN

[Ex,H y,EZ] Parallel Polarization [

®
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Incidence on a dielectric half-space: || polarization

= R F o —jkx —jk k= o, e =
B _f o RE e BT =Ee e s =S G =%
| | R . . = c ; _ .
. = K F o —jkx jk.z 2 ey k sin, =k, sin 9,
= T Ky F Ege =Ege e :
E,=Ee ; k. =k sin$ L C 1o’ g
oKt _ g kx = jky.z 2 =\/ p —# SIN

[Ex,H y,EZ] Parallel Polarization [

®
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Incidence on a dlelectrlc half-space: || polarization

H, Kx o K ki, ky = o\ &, 9, =9,

wé, k, = o\ 1€, k;sin§, =k, sin g,

7 r A 7R H, Z, =
1-T==LT H, ;>Ps ﬁrw 1

_& g _kSin‘gl \/k2 k’sin® 4
L, =k cos§
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Incidence on a dielectric half-space: || polarization

ky = o\ 148, 3 =9,
ky = o\ 11,6, k,sin 9, = k,sin 9,
k, =k sm§

k,. =+k? —k?sin®
k. =k cos 9 % \/2 ! %

®
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Incidence on a dielectric half-space: || polarization

H — k, = -
r-Zr TR N lea]?é s o
_Zz I Z,+Z, 1 ky = £ 1,8, k sin9, =k,sin g,
_ AzzHT 27 k k. =k sin
I+T'=T T= 71 T=Z 2Z Zzzi A k22=\/k22—k12$in2~91
e | W&, k. =k cos Y

[Ex,H y,EZ] Parallel Polarization [

®
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Incidence on a dielectric half-space: || polarization

% ‘ r:'Zz_Zl ‘ Z:E b = oy 9 =5

Z,+2, W& ky = o 11,8, k,sin 9, = k, sin 9,

r=-
l-r=2i1

Z,H 27 k =k, si Iﬁ

1+T'=T Té 21 T= 2 7. =2z kx_klsnl‘gl ) 2 . 2
- = I— k,. =+lk; —k{ sin” 4
ZIHI Zl + Zz 2 e, klz = kl cos,gl I = - 1 I

[Ex,H y,EZ} Parallel Polarization [

OoH
Ex=—L L F =— i H
jwe 0z ws 7

cos &, —(81/82)\/(k2/k1 )2 —sin® 9

[ 2
cosd, + 6‘1/6‘2 —sin® §
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Incidence on a dielectric half-space: || polarization

Z,—7Z ki,
‘ r=-2-1 ‘ Z = :

Z,+Z,
k
"o I klz=klcos.91| = » _hsm 5
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Incidence on a dielectric half-space: || polarization

— k = _
r_Zig Fé_% r-4-4 Zl:a]?; 17 ON A5 % =
_Zz I Ty A s 1 k, = 0\ 1,¢, k;sin§, =k, sin g,
AZZHT 2Z k k_=k sin
1+I'=T T= 71 T=Z ZZ Zzzﬁ o= S kzzz\/kf_kfsinzgl
e | W&, k. =k cos Y

[Ex,H y,EZ} Parallel Polarization [

OoH
B L% p_ kg
jowe 0Oz ws 7

B _cosSI —(81/82)\/(k2/k1 )2 —sin® 9

cos & +(8l/6‘2)\/(k2 /k, )2 —sin® §

T, =1+T

®
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Incidence on a dielectric half-space: || polarization

Z, r.22-4 k= oé S =g
1—F=Z—2T ZI+Z2 k2 = O\ 1r &, klsinlgl :k2 sinlgT
3 27 k_=k sin
1+I'=T T:Z 2Z »=hsnd kzzz\/kzz—klzsinzélI
1 T4, k, =k cos§

|E.,H,E.|  Parallel Polarization I ra_ e, _ k.

H, : W&,

Z,H
E =——— y : E =———> [ Z2 =

Y jwe Oz ws 7 4 “é

B _cosSI —(81/82)\/(k2/k1 )2 —sin® 9

cos & +(81/82)\/(k2 k, )2 —sin® §

T, =1+T

®
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Incidence on a dielectric half-space: || polarization

7 Z,-Z, ki = o\ &, 9 =5
— =—=—
I—F—Z—zT Z, +2, ky = oy e, k,sin 9, = k, sin 9,
2Z k. =k sin8
1+T'=T T= 2 o d Ly k %2 — k2 sin?
= —k{ sin” 4
2yt 2y ki, =k cos 9 o \/ 2 :
[Ex,Hy,EZ] Parallel Polarization |
H,, (Z,x) — [Hle_jklzz + HRejk“Z]e_jkxx @
~ Ax
sz(z,x) = H. e /Rt o /kx @ kR>@ﬁ E, Kk
R
FH 2 —ﬂ Zl — klz ER l9R T 9, ‘1 .
T, = 2ol z, =% b kA
Z]HI 2 a)gz @ @

cos 9, —(81/82)\/(k2 /k, )2 —sin” §,

cos &, +(51/52)\/(k2 /k, )2 —sin” 4
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Incidence on a dielectric half-space: 1 polarization

T ZlT FZM

- _Z_2 £, +7Z,
27

1+ =T T= 2
Z,+7Z,

By, (2.x)=Ere /*7e @
Fl é& 7 A

EI : klz

E w
T &=L Z, = k“2

EI 2z

_ cos _(ﬂl/ﬂz)\/(kz/kl )2 —sin” 4

2
cos +(u1/,u2)\/(k2 [k, ) —sin® 9
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ky = oy &,

ky = o\ 11,8,
k, =k s
k,, =k, cos &

9 =4
k, sinY, =k, sin g,

ky, = k2 kP sin® 9,

N X
Ky H, Kk
ER \ ETQ/
T s 40 X
—_ L7 T
Kk,
e @
H
& H : & M
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Incidence on a dielectric half-space

I-r=2i7 r-2-2
_22 £, +7Z,

27

1+T=T T= 2
Z,+7Z,

By, (2.x)=Ere /*7e @
Fl é& 7 A

EI : klz

E w
T &=L Z, = k“2

EI 2z

2
. cos _(ﬂl/ﬂz)\/(kz/kl ) —sin” 4

2
cos +(u1/,u2)\/(k2 [k, ) —sin® 9
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ki = o\ 1€ 9 =5

ky = o\ 11,8, k, sin§ =k, sin g,

k, =k s
k,, =k, cos &

ky, = k2 kP sin® 9,

[Ex,Hy,EZ] Parallel Polarization |

H,, (z,x) = [Hle_jklzz + HRejk”Z]e_jkxx @

H,,(z,x) = Hye /e 5 @
H
Ly =-——* Z = iz
H, e,
H
T” 272777 ZZ — kZz
Z\H, e,

_ _cosl91 —(81/82)\/(k2 /k, )2 —sin® 9,

cosJ +(6‘1/6‘2)\/(k2 k, )2 —sin® 9,
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Incidence on a dielectric half-space

I-r=2i7 r-2-2
_22 £, +7Z,

27

1+T=T T= 2
Z,+7Z,

[Hx,Ey,HZ} Perpendicular Polarization |

7= i
klz

Z, = WO,
kZz

2
. cos _(ﬂl/ﬂz)\/(kz/kl ) —sin” 4

2
cos +(u1/,u2)\/(k2 [k, ) —sin® 9
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ky = oy &, 9 =5
ky = o\ 11,8, k, sin§ =k, sin g,
k, =k s

k, =+lk?—k?sin> 9
k., =k cos Y 2 \/2 ! !

[Ex,Hy,EZ] Parallel Polarization

k
_ "Mz
Zl - -
C()El
k
_ "2z
ZZ -
a)£2

_cosl91 —(81/82)\/(k2 /k, )2 —sin® 9,

=

I
cosJ +(6‘1/6‘2)\/(k2 k, )2 —sin® 9,
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Incidence on a dielectric half-space

T ZlT FZM

- _Z_2 £, +7Z,
27

1+ =T T= 2
Z,+7Z,

[Hx,Ey,HZ} Perpendicular Polarization |

Z = CZUI r cos _(M/ﬂz)\/(kz [k )2 —sin” 4
1z I
2 .
Z, - CZﬂz cos +(u1/,u2)\/<k2 [k, ) —sin® 9
2z
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ky = oy &, 9 =5
ky = o\ 11,8, k, sin§ =k, sin g,
k, =k s

k, =+lk?—k?sin> 9
k., =k cos Y 2 \/2 ! !

[Ex,Hy,EZ] Parallel Polarization |

k 2
Z, == cos% —(¢g /& \/k k ) —sin’ 9
1 o r | (1/2)(2/1)2 I
Zzzki cos191+(51/52)\/(k2/k1) —sin® §
e,
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Normal Incidence

I-r=4r r-2—

B —2—2 Z,+7Z,
27

1+ =T T= 2
Z,+7Z,

[Hx,Ey,HZ] Perpendicular Polarization |

& K

Zl=% . cosgl—(yl/yz)\/(kz/kl )2—sinz$I
1z I
2 .
7. =P 00391+(ﬂ1/ﬂ2)\/<k2/k1) —sin’ §
? k2z
Normal incidence
- . klz = kl
kR kT
— > - 4, =0° —
@ ki @ k. =k,

& M
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ky = oy &,
ky = o\ 11,8,
k, =k s
| k,, =k, cos & |

|E,.HE, |
Z = ki
(2o 1“”
Z2 — 27
we,

'91 :‘gR

k, sinY, =k, sin g,

hzng—ﬁgﬁ@ |

Parallel Polarization |

_cosSI —(6‘1/6‘2)\/<k2 k, )2 —sin® &

cos g, + (51/52)\/(k2 /k, )2 —sin® §
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Normal Incidence

I-r=4r r-2—

- _Z_2 i A
27

1+ =T T= 2
Z,+7Z,

[Hx,Ey,HZ} Perpendicular Polarization |

ky = oy &,

ky = o\ 11,8,
k, =k s
k,, =k, cos &

9, =9,

k, sinY, =k, sin g,

ky, = k2 kP sin® 9,

[Ex,Hy,EZ] Parallel Polarization |
A _hy cos,SlI—((91/52)\/<kz/k1 )Z—SinzwgI
== >
z, =22 cos 9, +(51/52)\/(k2 /k, ) —sin® §
we,

)7, 2
Z1=?1 . COSSI—(yI/yz)\/(kZ/kI) —sin® 9
z n = >
7, - 2 cos +(y1/,u2)\/<k2 [k, ) —sin® 9
kZZ
Normal incidence
§ . ol o
i . k., =k Zl:k1::1:
— > _ 91 —(° ‘ 1z 1
RI k iz = k 0)
@ @ ? ? Zz :ﬁ:gz
& K & K kZZ
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= ﬂzgl
W] &, &1
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I—F_éT
ZZ
1+T'=T

Normal Incidence

= Z2 _Zl

£, +7Z,
27,

Z,+7Z,

[Hx,Ey,HZ} Perpendicular Polarization |

cos _(M/ﬂz)\/(kz [k )2 —sin” 4

ky = oy &,

ky = o\ 11,8,
k, =k s
k,, =k, cos &

2
cos +(y1/,u2)\/<k2 [k, ) —sin® 9

),
Z, e
klz FJ_ =]
(0)
Z2 — ILIZ
kZZ
Normal incidence
' Ky
K,

& K

& M

k2z = kz

|E,.HE, |
Z = ki
(2o 1“”
Z2 — kZZ
we,

o @ 10) y7i
Z, =" - S . L=¢
ky. LR ON TS &
)

Z = —= =
=P,
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'91 :‘gR

k, sinY, =k, sin g,

ky, = k2 kP sin® 9,

Parallel Polarization |

_cosz91 —(6‘1/6‘2)\/<k2 k, )2 —sin® &

cos g, + (51/52)\/(k2 /k, )2 —sin® §

Z = ki, _k_oyHE _ ﬂ:é,
wé,  we, we, & !
k

Z,=—%-=¢,
WE,
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Normal Incidence

Z r-%-4 e s % =i
_ = - 5
2
27 k. =k sing
1+ =T T=—"-2 x TS > — ki sin’
k,. =+lk; —k{ sin” 9
Z+2, ki, =k cos$, * \/2 1 I

In the case of normal incidence, perpendicular and parallel polarizations
behave the same

Normal incidence J_ ”
| k., =k Zl—wﬂl—w'ul_ O _ ﬂ_gl leklz _k_oymE /ﬂ1_g
) B} i = = — = = — — S Vs R
ﬁkR K _ 91 =(° ‘ klz kl (ONy 2R & e} e, wé&, & !
k, k., =k
2z 2 (0)
@ @ ZzzﬁZQVz 7 :kh:g
& M & Hy k22 2 (082 2
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Normal Incidence

Perpendicular Polarization |

k

v

& H & My
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Parallel Polarization ||

& My
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Normal Incidence

Perpendicular Polarization L Parallel Polarization |l

In the case of normal incidence, perpendicular and parallel polarizations
behave the same

ky

T <
.ﬁ
(N
A
It
=
i
N
v

. Hg
S
EI?—-:
o T o o *H o
HI
& M & Hy & M & Hy

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 7 Maggio 2021



G =

1-r=2u7 r-2-2
_Zz £, +7Z,

27

1+ =T T= 2
Z,+7Z,

[Hx,Ey,HZ] Perpendicular Polarization |

% Z% _cosé _(ﬂl/ﬂz)\/(kz [k, )2 —sin” g,
Z, =% cos & +(ﬂ1/ﬂz)\/(k2 [k )2 —sin® §

/2

ki = o\ &, 9 =5

ky = o\ 11,8, k,sin 9, = k,sin 9,

k, =k s
k,, =k cos§

k. =k} —k?sin®

[Ex,Hy,EZ] Parallel Polarization |

Zl=& - _cosSI—(gl/é:z)\/(kz/k1 )j—sin2.9]
Z2=ki cos 9 +(6‘1/82)\/(k2/k1) —sin®
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Limit angle

Lr—7

n R / _Z2 71
=k, +k,.i, I-T'=—T =2
E\= o /KT % 1ZZ 2
(F)=Ee /™ 1+T=T T= 2
Z,+7Z,

[Hx,Ey,HZ} Perpendicular Polarization |

ou 7
Zl:k—l . COSSI—(yI/yz)\/(kZ/kI) —sin® 9
1z I
2 .
7, = CZﬂz cos +(y1/,u2)\/<k2 [k, ) —sin® 9
2z

k,=ki +k.i
kR - kxix - klziz
kT — kxix + kZZlZ
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ky = oy &, 9 =5

ky = o\ 11,8, k, sin§ =k, sin g,

k, =k s
k,, =k, cos &

ky, = k2 kP sin® 9,

[Ex,Hy,EZ] Parallel Polarization |
A _hy cos,SlI—((91/52)\/<kz/k1 )Z—SinzwgI
== >
z, =22 cos 9, +(51/52)\/(k2 /k, ) —sin® §
we,

& M & M
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Limit angle

7 r Z,-Z, ki = oy 1€ 9, =4,
2 2 _ 1 = —
ky =k, +ky.i, 1—F—Z—2T Z, +2, k, = o\ ¢, k sind, =k, sin 4,
E,(F)=Ee /" I+T =T T 2% k. =k sind, —
7 7 k. =k} —k?sin®
142 k,, =k cos§

[Hx,Ey,HZ] Perpendicular Polarization L [Ex,Hy,EZ} Parallel Polarization |
= % e o 2 k z 2 "
Z = k. e cos 9, —(#1//12)\/(7‘72M 4 Z, =w#g1 . _cos91 —(51/82)\/(162E><nz 9
5 2
Z, _ O cos & +(:ul/ﬂ2)\/(k2M2 4 z, _ k. cos S, +(€1/6‘2)\/(an2 9
k,. W&,
. k2 =y . . >y kz
if =<1, anangle § exists such that sin g, = -
1

1

& H
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Limit angle

k, = w\ e _
— A X Z, 1_,=Z2—Z1 1 Hi& 9 =5
kT =kxlx +k2zlz I-T'=—>T . +7Z k2 = W\ &) k, sin =k,sin 9
Z2 1 2 1 2 T
Eo(e) o kT 2Z — k. si
E I.)_]ETeJ 1+I'=T T= 2 kx_kISIn'gl ‘ k =\/k2—k25in219 ‘
Z,+7Z, ki =k cos 2z 2 TR I
H_,E ,H_| Perpendicular Polarization L E H E Parallel Polarization |
y X ¥y z
. a)ﬂl 2 o 9 k 2
7, =2H 9 - \/ k, [k ) —sin9 7, =z _ \/ e
sy r, - cos 3 — (/1) ( 2 [k )2 SN vy ' e r - _005191 (/&) (kz [k )2 sin” &
z, =2 cos +(,U1/ﬂ2)\/(kz [k, ) —sin® 9 7 ks cos 9, +(€1/82)\/(k2/k1 ) —sin® §
k. " os
o k2 =y . . =y kz
if =<1, anangle § exists such that sin g, = -
1

1

& H
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Incidence: Limit angle

7 - Z,-7, ky = oy &, 9 =5
_Z =
I-T —Z—zT Z, +Z, ky = oy i, k sin 9, =k, sin 9,
2Z k. =k sin
1+ =T == x e ky, = k3 —k?sin® 9
2yt 2y ki, =k cos 9 o \/ 2 :
H E H . | , x
|: x2 =y zi| kg Hy K 1 |:Ex9Hy7Ez] kg i [ E; k ||
1_iR ET _ R Y
oo e S B
1z (:91 ﬁ! z 1 we B (‘31 M
wu k7 T : %
et @ W ® ke OO ®
2z e : & M 2 ®E, W ) )
k2 = * x
if =<1 Kew =
k, Fr
An angle §Ie_xists, referred to as limit angle, such g
that for 9 =9, no propagation occurs in the second ( _tf' =
half-space @ P ~ O\
sin g = b 3 E k, @
ky & H : & Hy
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Incidence: Limit angle

drlid

©
angolo

& M limite

n:‘l[l-\-l

|14 4 k, <k 2 |
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Brewster angle

I-r=4r r-2—

7 Z,+2,
27

14T =T T=—""2-
Z,+2Z,

[Hx,Ey,HZ} Perpendicular Polarization |

ou 7
le—k . . cosgl—(yl/yz)\/(kz/kl) —sin’ 4,
1z I
2 .
Z, - CZﬂz cos +(y1/,u2)\/<k2 [k, ) —sin® 9
2z

ky = oy &, 9 =5
ky = o\ 11,8, k, sin§ =k, sin g,
k, =k s

k, =+lk?—k?sin> 9
k. =k cos 9 = \/2 : :

[Ex,Hy,EZ] Parallel Polarization |
Z, _he cosd —(& /¢ )\/<k k )z—sinzg
05 T - 1 —(&1/& | k2 / R : 1
z, _ Ky, cos 9, +(51/52)\/(k2/k1 ) —sin® §
we,

Let us explore the possible existence of an incidence angle such that there is no reflected wave.
Let us consider the simplest, yet important, nonmagnetic case (x,=1,). Of course, discontinuity implies in this case g#s,
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S & MK
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Brewster angle

Z, _M ki = o\ 1€ 9, =4,
1—F=Z—2T Z +Z2, ky = 0 ¢, k,sin, = k,sin 9,
2Z k. = k,si
1+I'=T T=—"2 , = ksind | 2 72 _: 2 |
k,. =+k;y —k{ sin”§
Z,+7Z, Iklz:klcos‘gl I 2z \/ 2 TR I
H_,E ,H_| Perpendicular Polarization L E H E Parallel Polarization |
y X ¥y z
. a)ﬂl 2 o 9 k 2
Z =— 9 — \/k k| — N 7, =—= — \/ —sin?
'k Fchos L= (/1) ( i 1)2 SN vy ' e Fllz—cosgl (/&) (kz/kl )2 sin” &
% :% cos +(,U1/ﬂz)\/(kz [k, ) —sin® 9 z, _ k. cos S, +(£1/(92)\/(k2/k1 ) —sin® §
2z e,

Let us explore the possible existence of an incidence angle such that there is no reflected wave.
Let us consider the simplest, yet important, nonmagnetic case (x,=1,). Of course, discontinuity implies in this case g#s,

This condition cannot be enforced, since 1=y, and ¢ #¢, @
S

& K
Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 7 Maggio 2021



Brewster angle

Z, B M ki = o\ 1€ 9, =4,
1—F=Z—2T Z +Z2, ky = 0 ¢, k,sin, = k,sin 9,
2Z k. = k,si
1+I'=T T=—"2 = kysind 2 72 _: 2
k,. =+k;y —k{ sin”§
Z,+7Z, ki =k cos 2z \/ 2 TR I
H_,E ,H_| Perpendicular Polarization L E H E Parallel Polarization |
y X ¥y z
U 2. k
Z, Zk—l cos 9, —(M/ﬂz)\/(kz /K, ) —sin® 9 Z, == cos &, —(51/32)\/(k2 /k, )2 —sin® &
1z FJ_ = > 0)51 ! - _ =
% :% cos +(,U1/ﬂz)\/(kz [k, ) —sin® 9 z, _ k. cos S, +(6‘1/6‘2)\/(k2 /k, ) —sin® §
2z e,

Let us explore the possible existence of an incidence angle such that there is no reflected wave.
Let us consider the simplest, yet important, nonmagnetic case (14=1,). Of course, discontinuity implies in this case &#s,

l_iR : -------- l kxfx kxz\' _____________________ 'kT

—ky 1. [ “9R - ky.i

ke, K‘qf Z
Q

kI k]:;: @
& H )

Stefano Perna — Universita Parthenope - Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici 7 Maggio 2021



Brewster angle

T ZlT FZM

- _Z_2 £, +7Z,
27

1+ =T = —
Z,+7Z,

[Hx,Ey,HZ} Perpendicular Polarization |

ZI:% . cosgl—(yl/yz)\/(kz/kl )Z—Sinz&‘I
1z I
2 .
Zzz% 005191"‘(#1//12)\/(1‘2/1‘1 ) —sin’ §
2z

ky = oy &, 9 =5
ky = o\ 11,8, k, sin§ =k, sin g,
k, =k s

k, =+lk?—k?sin> 9
k., =k cos Y 2 \/2 ! !

[Ex,Hy,EZ] Parallel Polarization |
Z, _he cosd —(& /¢ )\/(k k )z—sinzg
05 - 1 —(&1/& | k2 / R : 1
z, _ Ky, cos 9, +(51/52)\/(k2/k1 ) —sin® §
we,

Let us explore the possible existence of an incidence angle such that there is no reflected wave.
Let us consider the simplest, yet important, nonmagnetic case (x,=1,). Of course, discontinuity implies in this case g#s,

&, =0

. 2 _
sin” 9, =

)

&+ & L, #0

An unpolarized plane wave incident at angle 93 is reflected with

perpendicular polarization
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Brewster angle

k. =k cos 3 ki = o ue,

k,, =k —ksin* 9, K = o’ ue,

Z
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Incidence: Limit and Brewster angles

1-T = éT = %
7z 1
1+ = T2 S
= Z,+7Z,
(H,E.H_]| e B | K
Zl = a)ll’ll . '9R ETQ{T‘
k. ) K%”/"" ﬁu z
(0) E kI " T
= Ho @ E, @
kZZ & M . o
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1

ky = oy &,

ky = o\ 11,8,
k, =k s
k,, =k, cos &

I =%
k, sinY, =k, sin g,

ky, = k2 kP sin® 9,

[E H E] _ x
x? y’ Z k = =
b HR Eg/k
- k. E/(sp | O
' we = & z
) 1 EI\@@/
_ 2 ( ) ~
Z,=—+* s O a7
WE, 1 M 2 Mo

& H

& Hy
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Incidence: Brewster angle

Z r.22=4 hi = oy % = S
_ = - -
2Z k. =k sin9
14T =T T=—""-2 IR k,. = k2 —k*sin® 9
Zi+2, ki, =k cos$, = \/ 2 I
|:Hx9Ey9Hzi| lER ﬁR ) E J‘ |:Ex9Hy7Ez] RR = [x E R
N\ . Hy !
ER 8 ET T H
= o W k. E>3 HW
k N Z, = g z
y Kk KSI Hy : wé, E, Kk Klg] )
) _ 1
Z, = oA @ EQ @ 7 - k. @ \8//
kZZ & M H, & M, 2 H

0, & M : ) )
if =, and & # &,

An angle 9;exists, referred to as Brewster angle,
such that an unpolarized plane wave incident at
angle 9 =49, is reflected with perpendicular @

polarization

£
: & H & U
£ +&

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

) .
sin” §, =

Corso di Campi Elettromagnetici 7 Maggio 2021



Incidence: Limit angle

7 - Z,-7, ky = oy &, 9 =5
_Z =
I-T —Z—zT Z, +Z, ky = oy i, k sin 9, =k, sin 9,
2Z k. =k sin
1+ =T == x e ky, = k3 —k?sin® 9
2yt 2y ki, =k cos 9 o \/ 2 :
H E H . | , x
|: x2 =y zi| kg Hy K 1 |:Ex9Hy7Ez] kg i [ E; k ||
1_iR ET _ R Y
oo e S B
1z (:91 ﬁ! z 1 we B (‘31 M
wu k7 T : %
et @ W ® ke OO ®
2z e : & M 2 ®E, W ) )
k2 = * x
if =<1 Kew =
k, Fr
An angle §Ie_xists, referred to as limit angle, such g
that for 9 =9, no propagation occurs in the second ( _tf' =
half-space @ P ~ O\
sin g = b 3 E k, @
ky & H : & Hy
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