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Plane Wave
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Perpendicula
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Wave Equati
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Reflection

K, H,
()
Er "ef/
Q
C"Io,)
0, /
6, \
e
ki '\‘\0\63
E; &
Hi
2T 27n
kl = = 1 = nlko =
}\‘1 7\‘o




Reflection & Transmission - Dr. Ray Kwok

Refraction
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Incidence we
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Transmitted

k, =k,(Xsin @, +7cos8,)
Kk, = 2T _ 27n, —nk. _n,0
A, A, C

N —

Et (fa t) — s\llzj‘otej(mt_f(t.f

Et (f’ t) — s\lEotej(mt_I(Z(X
ﬁt(f,t)= (—Xcos®, +2

Index of refraction

Wave impedance
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Reflected wa
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At origin
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polarization

H . cos0,—H_cos6 =H_ cos,

Eoi Eor — Eot E
o o
1 E. +E
—(E_ cos8. —E_ cos0.)=—9"—%cos0,
¥ N>
Eo{cos 0, cos6, ] _ Eor[cos 0, . cos 0. ]
N N, N, N

(n2 cos0. —m, cosO ) (1"[1 cosO, +1M, cos Gi)

r = _ M, €080, —1M, cosO,
M, cos 0. +m, cos 0,

Eot — Eoi T Eor

Reflection coefficient

M cos9. —m, cos 0,

1+1', =
Eot _1+ Eor nz COS ei +T]1 COSOt
EOi E01 T = 2n2 COS ei
* m,c0s0. +1,cos
T, =1+1, | Transmission coefficient 2 il t
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Fresnel's Equations 1 & 2 5

n ~ mass density

e -

I = ~ M, cos0, —m, coso,

M, cos 0, +m,cosH,

=1.00 air
= 1.33 water
1/8 ur n = 2.4 diamond
n “’rZ COSG n “’rl COSG
n, n,
Tl NoMry cos 0. +n ] cos0,
1/12 nl

n; n,

c0s0, ——=cos 0,
FJ_ — L:’lrl L:IrZ
—Lcos0, +—2cosH,
u’rl “’r2
2::1cos 0.
— rl
T=

n
—LcosO, +—2cos0,

“‘rl “‘rZ

Non-magnetic materials

r - cos0. —n, cos O,
| =
n,cos0, +n, cosO,
2n, cos O,
n,cosO, +n, cosH,
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Non-magnetic materials L

2n, cos O,
T, =
L
n,cosO. +n, cosO,
| _ n,cosH, —n, cosH,
L

n,cos 0. +n, cosO,

Snell's n,sinB, =n,sin0,
IF n, >n,
then 0. <0,
cos 0. > cos 0,
n,cos 0, >n, cos,
I'>0

in-phase
e.g. glass-to-air

(XY
XX
000
e00
o0
Q
T is always > 0 , in-phase with incident
I" can be in-phase or out-of-phase
0
 —_
-l )
0
—
-l )
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Non-magnetic L (continue)

2n, cos O,
T, =
n,cosO. +n, cosO,
r - cos0, —n, cos O,
| =
n,cos 0. +n, cosO,
IF n, <n, v
==
then 0, >0,

cos 0, <cosH,

n,cos0. <n,cosO
I <0

t

180° out-of-phase
e.g. air-to-glass




all in phase

Glass-to-air L

larger amplitude?
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Parallel Pola
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Wave Equati
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Incidence waves

[T!

f, t) = ()2 CcOS ei —7s1in ei )E .ej(wt—ki.r)

/] polarization

—

k; =k,(Xsin 6, +2cos9,)

2w 2
K= kn N ;:nl =nk, =
1 c

(0)

—

01

E. (f, t) — ()’i COS ei —%gin ei )EOiej((x)t—kl(xsin9i+zcosei))

I__I (i-’, t) — 3‘, Eoi ej(cot—kl(xsineﬁzcosei))
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Transmitted

k, =k,(Xsin @, +7cos8,)
K, = 2T _ 27n, —nk, = n,m
A, A, C

E (f,t)= (% cos®, —Zs
E (F,t)=(Xcos®, —7s
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Reflected wa
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At origin
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o000
X
. . )
// polarization o
(E.. +E_)cos®. =E_ cosH, and Lo Be _Es
N P
E -E
(E., +E_)cos®. = [ o ]nz cos 0,
N
E_(n, cos6. +m,cos8, )=E_(n,cos®, —m, cosH.)
E. |Nn,cos0, —n, cosH,
E. n20059 +’r]1 cos 0. =L P Lo _ Eu
2 1
n, N,
Reflection coefficient
Eot :& 1_E0r
Eoi nl E01
E_, _ My | N, cos6, —n, cos 0.
note E, M m,cos6, +n,cos,
Ty = &(1_1“//) E, _ N 21, cos 6
M, E. m,\mn,cos0 +n,cos6.
cos 0
E 21, cos 0.
; (1+T,) - . o _ ,c088,
cos 8, Transmission coefficient E. |m,cos8, +1 cos8 "
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Fresnel's Equations 3 & 4 ot

s

r = M, cosO, —n, cos 0.
M, cos0, +1M, cosO,

n n

—1c0s0, ——=-cos0,

1‘*// — “’rl u’r2

n

u’rl “’rZ

2 cos 0.
““rl

n
—Lc0s0, +—=-cos0,

Non-magnetic materials

n,cos6, —n, cosO,

L, =
n,cos0, +n,cos0O.

2n, cos 0.

T, =

n,cosO, +n,cosO,
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Non-magnetic materials //

2n, cos 0,

1 1
Ty = : . s
n,cos®, +n,cos®. T is always > 0 , in-phase with incident

1

_ n,cosO,—n, coso,

I I" can be in-phase or out-of-phase

n—
n,cos0, +n, cosO.

for I,>0
n,cos0, >n, cos0,

n
—Lcos 0, > cos 6.

n,

sin O

“cos0, >cos0,

i

sin©
sin®, cos O, >sin 6. cos O,
sin 20, —sin 20, >0

sin(@, — 6, )cos(8, +6,)>0 n,sin®, =n, sin O,

2 solutions:  ©,>0, & 0 +60, <mw/2 (n1>n2)
0, <6, & 0,+6,>7/2 (n, <n,)

in-phase
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Y (Y X )

Brewster Angle

no reflection I, =0

when 0,+06, :g

n,sin6, =n, sin O,
. .| T
n,sin@. =n, sm(—— Gij
2

n,sin0, =n, cos O,

n
tan0, §—= =tan0,
nl

A good way to measure dielectric constant remotely & non-destructively !
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Polarized Sunglasses

J,L)J

partially polarized
reflection

unpolarized E
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Brewster vs. Critical angle

Brewster Angle Critical Angle

Total transmission (no reflection) Total reflection (no transmission)

Regardless n, > n, orn, > n, Only for n, > n,

Only for //-polarization Regardless L or // — polarization
n
tan@, =—=
n . n
: sin@, =—
T n
0,+6, =— 1
2

t
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Exercise

E,,=2V/m
f =159 MHz
Find E,and H, ?

air

20° k
e
\od\‘\e“o
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Attenuation term

How to express e term??

k=Xsin®+ ycosH

e—ocr — e—oc(xsin6+ycose) — e—OC\/XZ"‘Y2 Same ?

2 2
Xsin9+ycosezx(§j+y(zj: X +y =«/X2+y2
r /X2+y2

=

Can think of : 0 = aA

a7 =oa(xsin@+ ycos9)

-a-r —a(xsin@+ycosf) __ e—a\/x2+y2

e —€

Yes, Q.E.D.
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000
0000
: ecos
Exercise Hy = 0.006 Am
f=15.9 MHz -4
N Find E, and H, ?
Ok How deep does the signal penetrate

before losing 100 dB?

10°

X air
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Answer
H_ = 0.005 A/m
Ho 1 215.9 MHz

sea water

g =172

wo=1
c=4 S/m

000
00
o0
o
// - polarization
o = 2nf = 108 rad/s
tanﬁzg—'z ° _ 4 =63
£ (108{72-10-9j
36T
2 1
o’ = (Dzue (\/1+tan28—1)
(10° (47107 {3762.10-9j
o> = > I (\/1+632 —1):4(63—1)
o=15.8
(D2M8v
B> = (\/1+tan28+1)=4(63+1)
B=16

o=B=16 ~ good conductor

M =1+ ==+ j)? — 4(1+)=5.7245°
o
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Continue..

H,; = 0.005 A/m
H  f=15.9 MHz

sea water
g =12

W, =1
=4 S/m

o
[l

000
000
L X
E. =nH,._ =377(0.005)=1.89 o
8
=2-10 _1_433
c 3-10° 3
k =k, (2cosB. + £sin®,) = 0.3282 + 0.058%
k,sin0, =k,sin®, Spell's Law
(0.33)sin(10°) = (16)sin 6,
0, =0.2°
r, = M, c0s0, —M, cosO.
M, cos0, +, cosO.
- 4(1+ j)c0s(0.2°) =377cos(10”) — 0.979./179°

4(1+ j)cos(0.2°) —377cos(10°)

(xcosé? —Zsin 6, )(E I )cos(a)t 0.328z—0.058x)

E,, = (£cos(10”) — 2sin(10”) [1.89(0.979.£179° ))cos(ar — 0.328z — 0.058x)
E =(%1.82—20.32)cos(10% —0.3282 - 0.058x+3.12) V/m
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Continue..

oo0
ooo
oo
o
. 2n, cos o,
" Mm,cosB, +m,cos,
25,7245 )c0s10)  _ a0 aue

T 40+ §)c0s(0.2°) — 377 cos(10°)
k, =B(xsin@, —zcos®,)=16(xsin(0.2°)— 2cos(0.2°))
k, =0.06% —162

k,-T=0.06x—16z =Pr=or

zi:«ﬂ@ﬁi}maMw—@o

7,
7 (1L89)0.030244°) o o
m, 5.7.£45°
H, =-$(0.0099.£ - 0.6 )" cos(ar —0.06x +16z)
H, = $9.9¢ %1% cos(10°t—0.06x+162+3.13)  mA/m
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000
sa:
i How deep does the signal penetrate 000
Contlnue" before losing 100 dB? :0
—100dB = -8.6860r
o =16
r=0.719
z=rcos0, =0.719c0s(0.2°) = 0.719 = 72cm 2ttenuate
] rapidly!!!
0, =—=—=6.25cm
o 16

* it’s difficult to do air-submarine communication !!
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(optics)

Reflectance & Transmittance

‘ P Radiation Power

2

2n,
P ‘Eor 2cosei I
P E, " cos 6,

AN L E_
. £ NG P. = ISi da =S, AcosB, =NRe ‘LAcosei
Ny ‘ 2n,
. ;
2
Q - ‘Eor
P = ISr da =S Acos0, =Req——"Acos6,
2n,
2
Q - ‘Eot
P = ISt da =S ,Acos6, =Re<——-AcosH,

Reflectance
R =

Transmittance

P ‘Eot 21]1 cos®, L[ M cos 0,
P. - ‘Eoi 21]2 cos 0. - M, cos 0,
P =P +P,

1=R+T | energy conservation
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Example - Reflectance

n;=10, n,=2.0

108 T
|

—— Ry perpendicular "EJ-H:

04 —— Rp parallel ¥
-.:: !

3

= |

6 EE :
|

|

|

|

Reflection coefficient (%)
-
f=]

F=d
=
i

I
|
|
I
|
|
I
|
1

u.1In./£ulz.lulql.ulslulﬁlu{ilrnlslm\.m
)

r < o Angle of incidence 8; (

Og

100

000
0000
0000
00
[ X )
®
n=20, n,=1.0
e
— =T,
S
S
I'=-1
Range of total
=0 internal reflection
|
:<§ I'<O0
}
1 | U | L I L I U I
T RO

n./\Z:-Iirlulsulqn 50 60
>0 m{gle of incidence 6; (%)

D
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Normal incidence

n,>n,
0,=6,=6,=0
1—*: n2 _nl
N, +M,
o,
N, +M,

n,<n,

Standing wave

\?Jz\r;(ejing SWR = ‘Emax _ ‘Eoi +‘Eor _ 1+\F\ SWR =1 (no reflection)
Ratio ‘Emin ‘Eoi _‘Eor 1_‘1“‘ SWR—< (total reflection)
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Anti-reflection coating

F:le—m _,~1,

n2+nl n1+n2

non-maghnetic

0 r‘Iens
t 180 lens
wan
them 180
cancel

path diff. =2t = (m + ¥2 )A, = (m + Y2 )A/n

min thickness (m =0): t=Ai/4n (quarter-wave in coating) Whatif n>n,, .?
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Multiple reflections

What are the amplitude of the
reflected & transmitted waves?

V2
WA



