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NORMAL INCIDENCE OF UPW ON PLANE BOUNDARIES i\

X NS
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rri i o
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we Transmitted wave @

'\ >

Incid S \%’Q

Boundary plane

Incident wave:

Assume: 6’
Exr(zt)=Ee ™ cos(ot - fz)

‘b |nc inc A—jkz inc A—aZ ~A—if1Z
(\) Esxl ) Eao€ " =Ee e ™
Then
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Y
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E! ;
H:/sz( ):LZOe*szZ
' ¥
Applying BC @ z=0, namely E)’;’i(Z) tan = E)isz(z) tan \Q
= Eﬁ% =E 20 z

HEE(2) e Hl) &
= =1, =1, Since Efj5 = Ly

>

So, it is a special case, and a reflected wave is requw@&aflsfy the BC’s in
general.

inc t
EXlO EXZO

Reflected wave: (b‘\

Assume:
E/‘

5)(1( ) E)Clo%kyz
Then: \Q
Hr(2) = N

Ui
Now, apply the BC to the total fie@
ApplyingBC @ z=0, na fb,

E/'nC +Er ( ) an :Et (Z)tan
z=0 z=0
9:&5 w0+ Evio =Erp — (1)
ysl tan +Hy, ( ) =nO:’l'/;fsz( )ta=n
\ — E)/(q% _ E o :E)izo _)(2)
il Ui Uy
Solvin%]? d (2) for the ratios, namely
N L =2m e
v Reﬂzgl_ion Exlo 772 + 771
Coefficient

o
;(b.% T = E;l;_zo = 21, =1+T = |r|eef

(o mc
Transmission Exlo 772 + 771
Coefficient
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Case 1: Region 1 is a perfect Dielectric and region 2 is a perfect conductor (\
Y4

o, —> ®
N P ISR S
? &, o, + joe, v

Etzo 2772 t
=7 =22 = =0=£,,,=0
Exo 1+ ? cg?
and

And the total field in region 1 is:
ES(z)= Elfse z\?
= —JZEL’FO

= jk, = oy + Jj Jﬁ1
Converting to time domaln

EB% (2, t ) RE ™ sin(p, z)sin(wt)
The total field represents a wave.
Time nulls occurs when

a).t =mmx, m=0,123.......
Space nulls occurs@
6 pz=mrz, m=01,23.......
z- —m%, m=0123.....
The mag ‘p:ald on the other hand is;

HE(2) = H(2)+ H i (2)

< , inc inc
?ﬁ _Eaogine y Exogine

m i

Since

Q} since

@% Ef = —El,
So
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E/nc
HE? (z,t)=2=*1° cos(p, z)cos(wt) ,
1
Again, a standing wave with maximums occurring whenever electric field AQ
minimum. And the average power is zero.
The current induced on the surface of the perfect conductor is

K Htotal X &
ys1 ( ta:”o :Q
inc
— _é X x10 (e jﬁlz + e_jﬂlz )é
z y
Ui

Case 2: Regions 1 and 2 are perfect dlelex@ossless)

(0'1 0,=0>¢ =¢, —0
/ £ 1 Real Positive
= Real Positive

@ Jk a1+]ﬂ1 Jo /Ul<91

= a, =0 and B, = o e,

(\?} v, = JK, = o, + jp, = jo ﬂzgz

=0 and B, = o\ e,
N\ o
S

> -
S r=Sxo =" _1H /00 or || £180°
&b“ Edo m+ 771
The fields are obtained as:

E! 21,
R —~
Ex1o m, + 771
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Einc( )_ E/nc -JB z
sx1 Z)= XlOe
] E/nC i
HET(Z)Z x10 e bz
n O
EL,(2)=Epo e =TES e”* R Y
r inc
H;SI(Z):_E)(lO e’z :_rExm etz COQ)&
U U (b‘
E)fsz(z) = E)izo e = TE)IZ% e ‘%
t inc
Hiale)= Eom gome L8 oo
¥
7> 7> Q
And the average power density of waves is . b’.’

<S§an> _ lRe {Einc % Hinc* }é@éz
2 , A

. 2 2
) Irefe oy NI
<Sl>—ERe E" x oo
:>‘<s;> =|1“|2‘ Silnc>
QT’V E o I
t\ t t*} x10 ~
<sz}%g§ E' xH o

And taking energy coiﬁation into account implies

(s) = [(si)|+{(s2)
So, . 6’.3 t . |
(\)‘b\ =|(s3)|= e’ )|(si)
N

N :
Yy SWR ==/ Amax

%Q) ssuming medium 1 is lossless «;, =0;

X (e)-Ef e + TE e
Then
Yy
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EX(z)=Er" (e‘j/”lz + Fe””lz) (\
: E’ - 4
since T'=—X0=|rle Q«
x10 Q
The above expression may be written in time domain as: ?ﬁ

E(zt) = EM (1-|M)cos(ot - 4,2)
1 - Traveling part - ’ %Q&
O

+2E,33|1, |cos(,812 + —jcos a)t oo

Standlng part

Portion of the first incident wave reflects back and back gates In region 1,
and interferes with an equivalent portion of the 2.”“' ciglent wave to form a
standing wave, the rest of the incident wave (whi s not interfere) is the

traveling wave part
What is the voltage maximum and min)' m and where do they

occyr Q,
(o) OO
E)l(nl% VA T+ |1-*|el ﬁ12+9r))
1+ |F|e‘ 2,312+9r))
\E"%mﬂ% 1+ [Tl
X

With a procedure si that done with TL’s it can be shown that;
Maximum’s occur wh

h,’ 26,2 +6. =-2mz, m=012,..

@ e

‘ E, (Z)‘ = ‘ Eo e‘wz(1+ |F|ej(2ﬂlz+9r))

Y” _E™ (1+]r])

Q) inimum's occur when:

&gg 287+6, =

Y

—(2m+1)r, m=012,....
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min Z=Znin

Then (\
ES()], =|Ex e i+ )) &

And the SWR is obtained easily as:

=E (L-]r)) ?:Q

Etot 7
SWR — S — ‘ );lt( ) max — 1+‘r‘ %Q&
Ex(@)| 11— >
=31
s+1
Implication: \F\ maybe found from measured S, and y be found from
measured locations of maximum’s and minimum’s. 'L'h intrinsic impedance

is known.

As a numerical example we select

m=100Q
n=3008Q
Elp =100 V/im
and calculate values for the incident, reflected. and transmitted waves.

Solution. The reflection coefficient is

300 — 100 T
=i————=x().§
300+ 100
and thus
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The magnetic field intensities are (\
H7 E = 1.00 A/m G

yll Wi 100

50
% Y

Using Eq. (77) from Chapter 11, we find that the magnitude of the average incident .
power density is

| 1 , =

The average reflected power density is
1
(Sir) = —5E; g Hyp =125 W/m?®

In region 2, using (10),
+ + _
E5y= tE}, =150 V/m

and

5
Hy = % = 0.500 A/m

Therefore. the average power density that is transmitted through the boundary into
region 2 is
1

(82) = 5 E g Hio = 315 W/m?

We may check and confirm the power conservation requirement:

(81:) = (8y,) + (S82)
ﬁv

.’

(\)‘b\
\QG
&Y’
&
O

Y
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To illustrate some of these results, let us consider a 100-V/m, 3-GHz wave that is
propagating in a material having €/, = 4. .| = |, and €]’ = (. The wave is normally
incident on another perfect dielectric in region 2, z > 0, where ¢/, = 9and p,, = 1
(Figure 12.3). We seek the locations of the maxima and minima of E.

Dielectric 2
€n=9%HUn=163=0

Dielectric 1
€ =4 up =16, =0

EZ, = 100e™/40%

xrl

r—

Figure 12.3 An incident wave, £,

xs1 —

100e-7140=z \(/m, is reflected with a reflection
coefficient I' = —0.2. Dielectric 2 is infinitely thick.

Solution. We calculate @ = 6 x 10° rad/s, B

2

S

w./itr€; = 407 rad/m, and

B = o /ihe; = 60x rad/m. Although the wavelength would be 10 cm in air,

we find here that Ay = 27/8; = Sem, Ay = 27/B

333 cm, g1 = 607 Q,

n =407 Q,and I' = (92 — m )/ + m) = —0.2. Because I' is real and negative
(72 < ). there will be a minimum of the electric field at the boundary, and it will be
repeated at half-wavelength (2.5 cm) intervals in dielectric I. From (23), we see that

|Ec17|min = 80 V/m.

Maxima of E are found at distances of 1.25, 3.75, 6.25,...cm from z = 0.
These maxima all have amplitudes of 120 V/m, as predicted by (20).
There are no maxima or minima in region 2 because there is no reflected wave

there.

A uniform plane wave in air partially reflects from the surface of a material whose
properties are unknown. Measurements of the electric field in the region in front of the
interface yield a 1.5-m spacing between maxima, with the first maximum occurring
0.75 m from the interface. A standing wave ratio of 5 is measured. Determine the

intrinsic impedance, 7, of the unknown material.
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Solution. The 1.5 m spacing between maxima is A/2, which implies that a wave-
length is 3.0 m, or f = 100 MHz. The first maximum at 0.75 m is thus at a distance
of A /4 from the interface, which means that a field minimum occurs at the boundary.
Thus I will be real and negative. We use (27) to write

s—1 5-1 2
i
s+ 1 5+1 3
So
rz—-%z Ny — Mo
3 mu+no
which we solve for n, to obtain
1 377
Nu 51)() 3 754 Q

R4
AN
WAVE REFLECTIONS FROM MUL ||389QTERFACES

0]

& All regions
assumed
. Tin lossless
° \ "
(\;b» B ()= Elpoe 4 Eppge™
Q: H;t/ozt(z)z H;20 e 2 4 ngoejﬂzz

E 20 _s

Q Iy = +
?» Exoo 13+,
é H+ — E;(LZO

‘b% y 20 772
; H-. — _% - T E;:zo
Y y20 7, = Yp)
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The wave impedance 7, defined as the ratio of the total electric field to the total (\
magnetic field. y:
In region 2, n,, Is given by

_ E>t<02t _ E;(rzo e—Jﬂzz '*'E;20ejﬂ22
T gtot + Bz Bz %
H%  Hioe ”” +H e’ ; QY

B e_JﬁZZ +r‘zsejﬁ22
=712 e %7 _T, el

Using Euler's identities and the expression for 1,5, 7,

n )—772{ 15 €0S(,2) - j1, Si

Z)= :
7, Cos ZZ)_’%")
When evaluated at z = - y

5 5 COS\ Bl )+ jn7, Sin( 3,
Min —772[:772 COS(ﬂz )+ szSir(,Bﬂ)}

Using the wave impedance oq&% and applying the BC's at the first interface
z =—I, to solve the reflecti em and find the reflection coefficient

_ Ex10 Min —Th

Q E;:lo 77|n+771
F\Z Of thg kcid¥nt power is reflected from the interface.

% (1—\F! e incident power is transmitted into medium 3.
Total trait\/{ Rion { =0when 7, =7}
Input i nce matched to incident medium.
Q%’ P [773 COS( A )+ i, Sir(ﬁzl )] = 771[772 COS(,B2| )"‘ 1775 Sir(ﬂzl )]
Yw = 15 COS( 2|):77100$( zl)_>(1)

&‘ and 7722$il"(,82 )—771773Sil’(,82 )_)(2)
o reflection condition may be accomplished in two different ways:

;‘b‘% Eirst way: (half-wave matching)

K/
0’0

n, =n, requires | =m
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The refractive index of a lossless medium with z = 1is defined as: (\
C Y4
n= V— = [gr Q
p

n is defined as the factor by which the wavelength and the velocity of the radiation %’V
reduced with respect to their vacuum values (or the ratio of the velocity of the wak
vacuum to its speed in media) %

Phase constant, intrinsic impedance, phase velocity, and wave@ may be
written in terms of refractive index for a lossless medium as:

oo =" \%
\/; 8 %Q
S

p

o
-

Second way: (Quarter wave matchj
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EXAMPLE 125 (\
We wish to coat a glass surface with an appropriate dielectric layer to provide total

Y4
transmission from air to the glass at a free-space wavelength of 570 nm. The glass Q
has refractive index n; = 1.45. Determine the required index for the coating and its Q
minimum thickness. y

Solution. The known impedances are 1) = 377Q and 3 = 377/1.45 = 260 Q.
Using (46) we have

m = (377)(260) = 313 Q

The index of region 2 will then be

37T
ny = (—) = 1.20
31

9%

The wavelength in region 2 will be
570
by = =—— =475nm
1.20
The minimum thickness of the dielectric layer is then
}\7

= e 119nm =0.119 um

‘7

PLANE WAVE PROP%&%&ON IN ARBITRAY DIRECTIONS

X

a

Transmitted

Incident

%Q)&(OW could we represent direction of propagation?
(b,, Considering propagation in a lossless media with propagation constant

N ﬂ=k=€0\/§
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The simplest case is the 2D one, where the wave propagates in a direction
contained in the xz plane.

. . Y4
Treating the propagation constant as a vector kK (Wave vector).(In the Q,

direction of power flow S) :

>

5 ®*(x, 2)

[ d

(&)

Figure 12.6 Representation of a uniform plane wave with
wavevector k at angle & to the x axis. The phase at point
(x.2) is given by k - r. Planes of constant phase (shown as
lines perpendicular to k) are spaced by wavelength i but
have wider spacing when measured along the x or z axis.

Phase fronts ( es of constant phase).
\k\ phase sh n|t distance along the direction of power flow.

To speci ase of a plane wave, define the radius vector r (position vector)
from the gigh to a point in a plane of constant phase.

r=xa,+za,
posing Kk into its components

k=ka,=k,a, +k,a,
Q)&I‘he product
;‘b%
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ker=xk, +zk,
=ka,er
=xkéa, ea, +zka, o4,

:xkcos(0)+zw ?\&
Ky k, @&

Ker=xk, + 2k,

tanlo) = £ ‘%‘ﬁp

So, the E and H of such plane wave maybe written as: &-
E=E,e " =E e /" Q
0

_ Eoe_j(XkX+ZkZ) - E e jxkcos(e)—y@g)

0

——
Constant
vector
forexample
/

E,4,+E,4,

H=Hee " = N@
- H e —j(xky+zk, ) & — jxk cos(@)- jzksin(@)

H,_J
nstant
vector

cb% forexample

The other parameters in the direction of power flow are:
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Consider a 50-MHz uniform plane wave having electric field amplitude 10 V/m. The i\
medium is lossless, having €, = ¢/ = 9.0 and i, = 1.0. The wave propagates in the

x, v plane at a 30° angle to the x axis and is linearly polarized along z. Write down
the phasor expression for the electric field. Ny

Solution. The propagation constant magnitude is

wJE 2w x 50 x 106(3) 1
3 x 108

k=w/ue=
The vector k is now
k = 3.2(cos 30a, + sin 30a,) = 2.8a, + 1.6a, m!
Then
r=Xxa;+ yay
With the electric field directed along z, the phasor form becomes

~ T ) ;
I,q = E()é’ Jk ra: = 10e ](-.&x+l.6}ia.

’ \ 4
NERALL@@'O 3D

4

GE
x

(\;}} 9 Plane of constant
V4

phase (phase front)

29

s vector (position vector) and wave normal to a phase front of a uniform plane wave
' radius vector (position vector). In the graph this is shown as capital.
r=xa, +ya, +za,

Q}&k: The propagation vector

k=ka,=ka, +ka, +ka,

> .
é k| =k=k;+k. +k:
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With 4, as a unit vector in the direction of propagation (normal to the plane of (\
constant phase) y:

3 -k

an
K ‘\Q
The product which defines the phase (constant plane or phase front)

ker=xk, +Yyk, +zk,
=ka, er %Q

=xka, ea, +yka ea, +zka, 3, ,@

= xk cos(@ )+ykcos( )+zkcos

- X

k

So, the E and H of such plane wave maybe written asa Q
E=Ee " =E e k& h

—J(xk +yky +zk )

—E_e
. E e—JXkCOS — jyk cos|6, }
- 0

Constant

vector
H . H e—jkor :Ei ,e—jkén-r

—j xk

%\chos (6, )-jyk cos )—jzkcos(&z)
;.:nstant

Q’&'lzbz: 27
S L
. |
O V, =

>

g
oV
+
oW
_|_
oV

NS F=—
V@a’u
& ) a,e A0:O & E, LH, =TEM
2 — X or =—77£I,,><
;(be%z) ) H E:In?7 E E H
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PW REFLECION AT OBLIQUE INCIDENC ANGLES (\

Objectives:

1) Determine relations between & ,6., 06, . Qv

2) Derive expressions for transmission and reflection coefficients. \Q

3) Set the conditions required for total reflection or total transmission R?
interface between two dielectrics. Q){

Reflected %nsmitted
[ )

S
S

Two lossless e:csgﬁonmagnetic materials (x, ).

Plane of incidence: The pl containing the incident propagation vector k and

the normal to the b(@/surface.
Parallel polarization W p-polarization or TM polarization (Transverse Magnetic

since H is tet warallel to the boundary, or
all indicate the same situation where E lies in the plane

since E is totally parallel to the boundary, or
) all indicate the same situation where E is perpendicular

A% the plane of incidence.
%Q) ther field directions can be decomposed into S and P waves.
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PARALLEL POLARIZATION (\
X Y4
Reflected y (t)—bz Transmitted Q’

With

ka, —k a +sin(4 )éx]
©,)

r_xa +za

k_ k% %fcos(e AC fT]

C C

Q&k = o\ay = olen _ on
k, =

W\ & = =

‘b\
i\) K, or=k,zcos(8, )+k,xsin(6,)

\QQ' K, or=—k zcos(6, )+k,xsin(8,)
Yy k, er =k,zcos(6, )+k,xsin(6,)
Einc _ Efoe_jkf.r

= EifA, cos(9)) -4, sin(g) Je sben ]
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i

_ EXr . .
inc __ A 10 o—jki[xsin(8 }+zcos(6,)]
H™=a, —e Qf’\
With the tangential component being \Q
E)I(?_C _ E1+0 COS(@i )e—Jkl[zcos(ei )+xsin(6, )] %
You may try to find expressions for reflected and transmitted fields, both electric

and magnetic!!! %@V
Applying BC @ z=0, namely: ,@
Eq | +Ey E;Z

z=0

z=0

The above equation should hold for all values of x ; on the interface),
which implies that all phases must match, thIS esta SneII s laws:

k,xsin(6, ) = k,xsin(4,
:>9i—9r

Also the above equation requires that .\\
ei — gr

—— .
Snell's law of reflection

»

i): kzsir(é’t)

-
ell's law of refraction

. no .
And since K = o atly written as;

n,sin@)=n,sing,)

Finding expre @?or H, and applying the boundary conditions on tangential H
2 |tan

@ z—O(\;b*
’ H;/nc zO

Acﬁ@'nied with the boundary equatlon for E (which you should have found
ly), and with the use of Snell’s laws. One may obtain after some tedious
E:[O 20 —Thp

@,&m hematics; - :
&bc:o "UER M 70

t
tan =H,

tan + H yl
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_Ex __2my (cos(g)
Tp = Einc - (0) y
10 ap T 1 \ COS\G; Q’
Where the effective impedances are defined as:

T = 7,05(6]) ?\*Q

1, =17, ¢08(6,)

The expression you were required to find.:
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PERPENDICULAR POLARIZATION

A similar formalism for perpendicular polarization with reference to the following Q,
figure may be accomplished with the results given as: KQ
X Z

Reflected y (t)—bz Transmitte%g&

K, H' K, %‘b‘
......................... A @‘&

&T _ E;o _ 21755
T ) Elo 7 + 7
Where the effective } hces are defined as:
_ o m
° Mis —771860(6%)— COS(@i)
. )
> :
_ _ 2
(\) PR —ﬂzsec(‘g’t)_ COS(Ht)

\f&
A uniform plane wave is incident from air onto glass at an angle from the normal of

< 30-. Determine the fraction of the incident power that is reflected and transmitted for
c. (a) p-polarization and (b) s-polarization. Glass has refractive index ny = 1.45.
O
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Solution. First, we apply Snell’s law to find the transmission angle. Using n; = |

for air, we use (63) to find
sin 30

) |
fr = sin (1.45

) =20.2°

Now, for p-polarization:

mp = m c0s30 = (377)(.866) = 326 Q
377
N2p = 12 COS 202 = m(.938] =244Q

Then. using (69), we find
244 — 326
L =oairaz - ¥
The fraction of the incident power that is reflected is
P,
Pinc
The transmitted fraction is then
Py

Pinc

= |rpf* = .021

=1—|r,* =.979

For s-polarization, we have

= 2c20.2 = L 277 Q2
e W T e

Then, using (71):

Y17 _ {

= M N

277 + 435
The reflected power fraction is thus

T = .049

The fraction of the incident power that is transmitted is

1 — |, * = .951

| 4
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(PERPENDICULAR POLARIZATION)

X ?\&
Reflected
K; H @&

1
,§z§°
Perfect Conducto
Zg Ids
G a;

AP

OBLIQUE INCIDENCE ON PERFECT CONDUCTOR (\
N

I

E/nC s

)
NN NN

Incident

H inc

o, - c\Qo:>r —-1>E; =-E,
Oa e —j ky[x sin(6; )+z cos(6;)]
. _E1Ba e]kl[—xsm( +zcos(6; )]
4

Which may be writte
E =—ja,26,e” kxsin) gin[k, z cos(6), )]

similarly for t gnetlc fleld
(\) Het = 5 2610 g-ikxane) cos(6,)cos|k,z cos(6, )]

™

v —a,j 1o 2Es0 grtrsite ) sin(6,)sin[k,z cos(6, )]

Ui
@%nd the time averaged power density is
1

&bc:? (S)= ERe{Etot < Het )
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(S)=a, 2(E1+° )2 sin(@, )sir?[k,zcos(8, )] i\
D

The surface current density is:

. 2 | >
=&, —2cos(@ )cos|wt —k,xsin@, )]
2=0 Ua Q&

OBLIQUE INCIDENCE ON PERFECT CONDUCTOF\’%

(PARALLEL POLARIZATION) %\‘b

Reflected
K, E yé_’z Q&
O
(&CtConductor
N
&/ ¢ Zero helds
E/nc / O
2 K =
.X)H/nc %6&
Incident ; (b
0; 2—>oo:>772—0:>F =-1=E, =-E,
(&é’ Efo[a cos(g,)—a, sin(g /]e Jkalzcos(6, )+ xsin(o, )]

(\) EIJB [a Sln + a COS ]e—jk1 [+x sin(6; )~z cos(6; )]

J cos( )sin (k zcos(6,)) o xsnta)
+a, sin(6,)cos(k,z cos(6,))

K — én ><HtOt

T A
/
SN SN

ANNNNANAN

. z,_c{

Y»

. EX . .
H©t — 10 ~—jkxsin(@)]4—ikzcos() jkyzcos(4,)
Q)& ay —771 e [e +e ]
(b“ _ A 2Efo —jkoxsin(g)
; =8, e coslk,zcos(8, )]
1
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and the time averaged power density is (\
1 .
S — —Re Etot % HtOt ,
(S) = gRelE" x| &

(S)=4a, @sw(@ )cos?[k,zcos(6, )] ?V
i
The surface current density is: @&

_a, % cos[cot—k xsin(g,) ‘8‘5

K=a, ><HtOt

CRITICAL ANGLE OF TOTAL REFL
tted Rare

(5}>ez,6’t>9,-

Incident Dense

"=1 =  Totalpowerreflection
The obove con '$tated in a different way is:
(\}b nysir(9) =n, sir(0)
n,sin(0, > 6,)=n,sin (et - zj

Y
Y" sing,) _n 2

S 7 A
Q) sin 6, =— 1
;‘b% r{ 2j
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(N [ e
g, =sin’| 2 |=sin™| |22 (\
n, €y Q{

v

Anyincidenceangle & greater than criticalangle 6,

willcausetotal reflection @

Y
Example 12.8: A prism is used to turn a beam of light by 90° as shown i figure.
Light enters and exists the prism through two antireflective (AR-coat ces. Total

reflection 1s to occur at the back surface, where the incident angle 1s to the normal.

Determine the minimum required refractive index of the le material 1if the
surrounding region 1s air.

S
3

A’

- ;
(\ (b\ Figure 12.82 Beam-steering prism for

N\ Example 12.8.

Solution. Considering the back surface, the medium beyond the interface is air, with
na = 1.00. Because #; = 45°, (76) is used to obtain

ny
ny > —— =42 =141
sin45

é Because fused silica glass has refractive index n, = 1.45, it is a suitable material for
(bc:o this application and is in fact widely used.

Y
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N
O
%@&v
Figure 12.9 A dielectric slab waveguide %‘bﬂ

(symmetric case), showing light confinement
to the center material by total reflection. % °
Another important application of total reflection is in optic@ uides.
[ ]

BREWSTER ANGLE OF TOTAL TRANSMIS. ?OR POLARIZING
ANGLE)
For perpendicular polarization: P

=1 sec(é?t)
The incidence angle requiredt fy the above condition is called angle of total
IS given by:

Fo@a netic materials, Brewester angle for perpendicular polarization does
NONGRIG™

'&ngpvarallel polarization:
%@ Fp _ 772p _771p
‘b Map + Thp

. m, =mcos(@), 1,,=n,cos(6,)
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mcos(@,)=n, cos(q,) (\
The incidence angle required to satisfy the above condition is called angle of total y
transmission or Brewester Angle and given by: Qv

X
%Q)
,%‘b
N

The sum of incident and refracted angles under brevgester condition is
always 90° . N
O

3
Example: Light 1s incident from air to glass at é&VéQr’s angle. Determine the
mcident and transmitted angles. Glass has a /7, =; d.

AN
Solution. Because glass has refractive index n, = 1.45, the incident angle will be
6, = 0p = sin~! | ——2 sin”"! ( = ) 55.4°
| =t = — — -—f’ — 2
/n';’+n% V1.45% +1

The transmitted angle is found from Snell’s law, through

n n
6> = sin~! (—' sinBB) — i | —=t— }.=345

n 2 2
2 Jn+n3

Note from this exercise that sin #, = cos 6z, which means that the sum of the incident
and refracted angles at the Brewster condition is always 90°.
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DISPERSION
Dispersion is the phenomenon in which the phase velocity of a wave depends on its
frequency, or alternatively when the group velocity depends on the frequency. The result is '’
the distortion of signals transmitted through dispersive media.

Media having such a property are termed dispersive media. Dispersion is most often S y
described for light waves, but it may occur for any kind of wave that interacts with a m&
or passes through an inhomogeneous geometry (e.g., a waveguide).

% Non linear dependence of S on @ cause distortion ot‘%gs such

phenomenon is called dispersion.
& (@) > n(e) - flw)
Dispersion: Separation of distinguishable componegts wave.

J 7
0’0 0’0

For a lossless, non-magnetic media with n(co) ng with frequency:

= oy 1,6(0) = oy 1,6, ¢, 1(0) = %n(a) (b‘\

% Prism frequency dependent refractive n% esults in different angles of
refraction for different frequencies (colb@ ave dispersion in space.

R
" O
\N\\\c\\}\\ : ’
B
A .
[ ] 7
Consider the - a)sition of two Xx-polarized waves with different frequencies

®, and «(Q\B@h propagating in z-direction
’ E, = éXEm[efjﬁazejwat +efjﬁbzejwbt]
\QQ' Ao=a,-0, =0, -,
AB =P = Pa=Po— 5
Q) ISo assume Aw << a, .
(bc:o With some mathematical manipulations, this wave may be written as:

N
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Lowfrequencywave High Freq\Jen cywave
@Ao @,
(modulating wave) (Carrier)

Eney (2,0) @

n m i
| |||I‘| ! ".""II]‘ : rI||||] ' ”Il'"" %6&
I l”l||||||'.' .l;l l ’ Il | Ly l_....~.| [hJTL.Yl Ul | ' | (] k ;‘b

l ||I| f
1"; |” |1‘
(LA '

E(z,t)=4,E, cos(Aat - Afz)eos(w, t - 5,2) (\
N

Figure 12.13 Plot of the total electric field strength as a function of z {with
f = 0) of two co-propagating waves having different frequencies, @, and ws,
as per Eq. (81). The rapid oscillations are associated with the carrier
frequency. wp = (ws + ay)/2. The slower modulation is associated with the

envelope or “'beat” frequency, Aw = (wsy — wy)/2.
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B Bo  Be B

Figure 12.12 -p diagram for a material in which

the refractive index increases with frequency. The

slope of a line tangent to the curve at ax is the group

velocity at that frequency. The slope of a line joining

the origin to the point on the curve at wy is the phase

velocity at wg.
Carrier velocity (or phase M), wave inside envelop obtained by assuming
constant carrier phase, and\envelope velocity (or group velocity) obtained by

assuming constant %téon phase.
v, =2 (Phasevelocity)

o R

(&\ Vg = A (Group velocity)

Letting 4 @, ¥ o (variable frequency) and Ao —dw=Af —>df (separation
be Qf’requency components). One may obtain

v
(bc:oé v _dw

T
Y Or
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. Aw do| (\
An0ag = 7, = N

>

Consider a medium in which the refractive index varies linearly with frequency over
a certain range:

@
nlw) = ng—
wy

Determine the group velocity and the phase velocity of a wave at frequency @y,

Solution. First, the phase constant will be

. now*
Blw) = n(w)— =
c wpc
Now
dﬁ 7now
do wyC
so that
dw wpe
Vp = =—— = —
dg  2nyw
The group velocity at ay is
(@p) = —
Veltog) = ==
Y 2ng
The phase velocity at axy will be
@ c

V ) = = —
gk Blay) ng

. V

PULSE BROADENING
% media distorts pulses by broadening them in time.
|

&1& r a Gaussian pulse in time with an E field at z =0 given as:
t 2
-0.5| — .
E(Ot)=E, e (¥ el

Z haracteristic half width (time at which the magnitude of the Poynting vector
Il to 1/e of its maximum value.
&bc:o The frequency spectrum is given by:
E.T -0.5T 2(w-a, )
E(Qw)=—"-¢e °
S 0.0)= 7=

00 00
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0.8
|L(M 0.6
E(Ov w(})
0.4
0.2

0

(b)

=

Figure 12.14 (3) Normalzed power spectrum of a Gaussian

pulse, as determined from Eq. {86). The spectrum is centered at
camer frequency wo and has 1/e half-width, Aw. Frequencies ax
and exn correspond to the 1/e positions on the spectrum. (b) The

spectrum of Figure 12.14s as shown on the «-# diagram for the

medium. The three frequencies specified in Figure 12.14z are
associated with three different slopes on the curve, resulting in
different group delays for the spectral components.
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Each frequency component propagates with different velocity (GROUP
DELAYS). ’

The difference in arrival times with reference to v, is:

A= 22 98 _dB g ?»
ng Vgg d(l) O=wy d(l) W= &
At :pulsedelay (pulsebroadening %Q)
Expanding ,B(a)) in its Taylor series around @, ‘b‘

,d%p
dw?

plo)= plo)+ (-0}

—
By

%+%@_%)

S, :Dispersionparametegn

So: V4

differentiating
d—ﬂ=%&—wo>ﬁﬁ<s>

Subs. (3) into (1) and simp obtain the pulse delay (pulse broadening)

Q’&‘ At = Awp,? :%
where °
Qo

\ Ao=w,-w, = 1
> T
If the initig Ise width is very short compared to Az, then the broadened pulse

width cation z will be simply Az. If the initial pulse width is comparable to
%r\,@e the pulse width at z can be found with the help of:

Toow = (T f + (A7)
@&I’om : Originalpulsewidth before propagatingin dispersivemedia.
;‘b‘% T..., :Pulse widthafter propagating tolocation z.
Y
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Dispersion parameter units are in general time?distance, that is, pulse spread in
time per unit spectral bandwidth, per unit distance. In optical fibers, for example, ’
the units most commonly used are picoseconds?/kilometer (psec®/&m). R 0

An optical fiber link is known to have dispersion g, = 20 ps?/km. A Gaussian light d

pulse at the input of the fiber is of initial width T = 10 ps. Determine the width of
the pulse at the fiber output if the fiber is 15 km long.

Solution. The pulse spread will be
Bz (20(15)

So the output pulse width is

T' = /(102 +(30)2 =32 ps

4>
\Q@'
@3"
cb,%

N
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