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incidence

refraction - transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

1. θr = θi

2. Snell’s Law:   n1sinθi = n2sinθt

3. Critical angle:  sinθc = n2 / n1

4. Total reflection when θi > θc

only if n1 > n2

Geometric Optics (EM waves)
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Plane Wave

n1
n2

λ1

ki

λ1

kr

λ2

kt

1. n1 < n2;  θi > θt

2. v = c/n,  here v1 > v2

3. λ = λo/n,  here λ1 > λ2

4. f = v/λ = c/λo remains the same
i.e. wave doesn’t change color

5. reflection has same λ as incidence

wavefronts
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

1. E is ┴ to plane of incidence

2. Et is same direction as Ei

(boundary condition, later)

3. Er can be in or out of plane

4. E x H is along k

Perpendicular Polarization
┴ to “plane of incidence”
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Et
kt

Ht

Er

kr Hr
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

Wave Equations ┴ polarization
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What are the corresponding H-fields?
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

Boundary Condition (1) ┴ polarization
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Et1 = Et2
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At origin  (r = 0):

Eoi…etc are just numbers. True for ALL time t ?

same frequency !!!
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

Boundary Condition (2) ┴ polarization
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On the interface  (r = rI):

Eoi…etc are just numbers. True for ALL time rI ?

tangential 
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt
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Reflection

Ei

ki

Hi

Et
kt

Ht

Er

kr Hr

z
r

I

O

ri

ri

rI1iI1

IrIi

rkjrkj

sinsin

sinrksinrk

rkrk

ee IrIi

θ=θ

θ=θ

θ=θ

⋅=⋅

= ⋅−⋅−

rrrr

rrrr

c

n
kn

n22
k 1

o1

o

1

1

1

ω
==

λ

π
=

λ

π
=

┴ polarization



Reflection & Transmission - Dr. Ray Kwok

incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

Refraction ┴ polarization
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Incidence waves
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Index of refraction

Wave impedance
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transmission

θθθθt

n2

Transmitted waves ┴ polarization
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eEŷt,rE
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reflection

θθθθr

n1

Reflected waves ┴ polarization
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

At origin ┴ polarization
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x

totrorioi cosHcosHcosH θ=θ−θ

Et1 = Et2

Ht1 = Ht2

tangential

dielectric, Js=0

otoroi EEE =+

O
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┴ polarization

( )

( ) ( )

t1i2

t1i2

oi

or

i2t1ort1i2oi

1

i

2

t
or

2

t

1

i
oi

t

2

oroi
iorioi

1

t

2

ot
i

1

or
i

1

oi

totrorioi

coscos

coscos

E

E

coscosEcoscosE

coscos
E

coscos
E

cos
EE

cosEcosE
1

cos
E

cos
E

cos
E

cosHcosHcosH

θη+θη

θη−θη
=Γ≡

θη+θη=θη−θη










η

θ
+

η

θ
=









η

θ
−

η

θ

θ
η

+
=θ−θ

η

θ
η

=θ
η

−θ
η

θ=θ−θ

⊥

otoroi EEE =+

⊥⊥ Γ+=τ

+=

+=

1

E

E
1

E

E

EEE

oi

or

oi

ot

oroiot

t1i2

i2

t1i2

t1i2

coscos

cos2

coscos

coscos
11

θη+θη

θη
=τ

θη+θη

θη−θη
+=Γ+

⊥

⊥

Reflection coefficient

Transmission coefficient



Reflection & Transmission - Dr. Ray Kwok

Fresnel’s Equations 1 & 2
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Non-magnetic materials  ┴

t2i1
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τ is always > 0 , in-phase with incident
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Γ can be in-phase or out-of-phase
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Snell’s

IF

then

in-phase

e.g. glass-to-air
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Non-magnetic ┴ (continue)
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180o out-of-phase

e.g. air-to-glass

IF
then
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n1 > n2

λ1

λ2

Glass-to-air ┴Ei
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all in phase
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larger amplitude?

λ1
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n1 < n2

λ1

λ1

λ2

kt

Air-to-glass ┴
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ki

Hi

Er

kr

Hr

Et
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180o phase shift in E reflection
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

1. H is ┴ to plane of incidence

2. Et is same direction as Ei

(along the boundary, later)

3. Er can be up or down

4. E x H is along k

Parallel Polarization
// to “plane of incidence”

Ei

ki

Hi

Et kt

Ht

Erkr

Hr
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

Wave Equations // polarization
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eEsinẑcosx̂t,rE
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Incidence waves
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transmission

θθθθt

n2

Transmitted waves // polarization
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cosẑsinx̂kk

2
o2

o

2

2

2

tt2t

ω
==

λ

π
=

λ

π
=

θ+θ=
r

( ) ( ) ( )

( ) ( ) ( )( )tt2

tt

coszsinxktj

otttt

rktj

otttt
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reflection

θθθθr

n1

Reflected waves // polarization
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incidence

transmission

reflection

θθθθi

θθθθr θθθθt

n1 n2

At origin // polarization
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// polarization

//
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Fresnel’s Equations 3 & 4
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Non-magnetic materials
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Non-magnetic materials  //
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Brewster Angle
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A good way to measure dielectric constant remotely & non-destructively  !!

no reflection
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air

higher n

Polarized Sunglasses

unpolarized E

partially polarized 
reflection 
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Brewster vs. Critical angle
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Brewster Angle

Total transmission (no reflection)

Regardless n1 > n2 or n2 > n1

Only for  //-polarization

Critical Angle

Total reflection (no transmission)

Only for n1 > n2

Regardless  ┴ or // − polarization
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incidence

20o

air glass
n = 1.5

Exercise

Ei

z
x

Eoi = 2 V/m

f = 159 MHz

Find Er and  Ht ?
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Attenuation term
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10o

air

sea water
εr = 72

µr = 1

σ = 4  S/m

Exercise

Hi

z

x

Hoi = 0.005 A/m

f = 15.9 MHz

Find Er and Ht ?

How deep does the signal penetrate 

before losing 100 dB?
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Answer

Hi

z

x

Hoi = 0.005 A/m

f = 15.9 MHz

// - polarization

ω = 2πf = 108 rad/s

sea water
εr = 72

µr = 1

σ = 4  S/m
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Continue..
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µr = 1
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x̂058.0ẑ328.0sinx̂cosẑkk
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Snell’s Law



Reflection & Transmission - Dr. Ray Kwok

10o

air

Continue..

( ) ( )

( )( )

( ) ( )

( )13.31606.010cos9.9ˆ

1606.0cos6.00099.0ˆ

6.00099.0
457.5

44030.089.1

cosˆ

81606.0

1606.0

2

//

2

//

++−=

+−−∠−=

−∠=
∠

∠
=

−







−=

+−

+−

−

zxteyH

zxteyH

E

rte
E

yH

zx

t

zxo

t

o

o

o

oi

roi
t

r

r

r

ω

η

τ

βω
η

τ α

Hi

z

x

sea water
εr = 72
µr = 1
σ = 4  S/m

Hr

Er

( )

( ) ( ) ( )( )

rrz16x06.0rk
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Hi

z

x

sea water
εr = 72
µr = 1
σ = 4  S/m
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rapidly!!!

Ht

How deep does the signal penetrate 

before losing 100 dB?

* it’s difficult to do air-submarine communication !!
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Reflectance & Transmittance
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Reflectance

Transmittance

(optics)

Radiation Power

energy conservation
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Example - Reflectance

θθθθBθθθθB

perpendicular

parallel

ΓΓΓΓ > 0ΓΓΓΓ > 0

ΓΓΓΓ > 0
ΓΓΓΓ < 0

ΓΓΓΓ < 0

ΓΓΓΓ < 0

ΓΓΓΓ = -1
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Normal incidence
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Anti-reflection coating
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them

cancel t

coating

path diff. = 2t = (m + ½ )λn = (m + ½ )λo/n
m = 0, 1, 2, 3……

min thickness (m = 0):   t = λo/4n    (quarter-wave in coating)

lens

n < nlens

non-magnetic

What if n > nlens?
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Multiple reflections

What are the amplitude of the 

reflected & transmitted waves? 


