PRINCIPLES OF LIGHT
PROPAGATION THROUGH
OPTICAL FIBER
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Optical fiber construction

* Optical fiber construction shows that, the cable consists of two main
parts, core and cladding.

* Theses two materials have different refractive properties(Refractive
Index).

* Refractive index (n) tells how fast or slow light travels through the
material.

* Optical boundary is a surface that separates two materials with
different refractive indexes.

* Most light rays both reflect and(or) refract when they encounter a
boundary between two materials.

* These depends on refractive index of the material and angle of ray
incident.



Light propagation through different media with
Different Refractive Index
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Reflection, Refraction, and Snell’s Law

Law of Reflection:

« The angle of incidence equals to the angle of reflection

Angle of l Angle of
Incidence equals Reflection

Incident Ray

Reflected Ray
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Reflection, Refraction, and Snell’s Law

Refraction:

 Light will bend when it changes mediums because its
velocity is changed once it leaves the vacuum.

Refractive Index (n):

« |s the ratio of the speed of light in vacuum to the speed
of light in a medium.

_ speed of light in the vacuum
~ speed of light in the medium

n




Reflection, Refraction, and Snell’s Law

Snell’s Law

N4 . refractive index for incident medium

Ny ¢ refractive index for refracted medium
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Ray Transmission Theorem/Refraction

 When light travels from one medium to another it changes speed
and is refracted.

* If the light rays are travelling from a less dense material to a dense
medium they are refracted towards the normal and if they are
travelling from a dense to less dense medium they are refracted
away from the normal.

* As the angle of incidence increases so does the angle of refraction.

* When the angle of incidence reaches a value known as the critical angle the
refracted rays travel along the surface of the medium or in other words are
refracted to an angle of 90°.




Ray Transmission Theory

A: Partial Internal Reflection B: Critical Angle C: Total Internal Ref
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Critical Angle

 When the angle of incidence(®1) is progressively increased, there
will be progressive increase in refractive angle (902)

* At some condition (®1), the refractive angle (»2) becomes 90
degree to the normal.

* When this happens the refracted ray travels along the interface.

- The angle ®1 at which ®2 become 90 is called critical angle
and denoted by @c.




Angle of Incident — Critical angle relation

* There are three cases:

1. Angle of incidence Less than the critical angle
2. Angle of incidence Equal to the critical angle
3. Angle of incidence Greater than the critical angle



1. Angle of incidence less than the critical angle

Refracted ray
air
glass

Incident ray

When the angle of incidence of the light ray leaving the glass is less than the
critical angle, the light ray speeds up on leaving the glass and is refracted away
from the normal.



2. Angle of incidence equal to the critical angle

90°

air
glass

Reﬁac‘ed ray

Critical angle = 42°
Incident ray

When the angle of incidence of the light ray reaches the critical angle (42°) the
angle of refraction is 90°. The refracted ray travels along the surface of the denser
medium in this case the glass.



3. Angle of incidence greater than the critical angle

normal

air

Incident ray Reflected ray

angle greater than
critical angle (c)

When the angle of incidence of the light ray is greater than the critical angle then
no refraction takes place. Instead, all the light is reflected back into the denser
material in this case the glass. This is called total internal reflection.



e The critical angle is defined as the minimum angle of incidence (¢,) at

which the ray strikes the interface of two media and causes an angle of
refraction (¢ ) equal to 90° _Fig. 2.24 shows critical angle refraction.
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Critical Angle

n,sin®; = n,sin @,

n, sin@, = n, sin 90

. n
sin @, = n—z
1
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Total Internal Reflection (TIR)

* When the incident angle is increased beyond the critical angle,

the light ray does not pass through the interface into the other
medium.

* This gives the effect of mirror exist at the interface with no
possibility of light escaping outside the medium.

* In this condition angle of reflection (82) is equal to angle of
incidence (©1) .

* This action is called as Total Internal Reflection (TIR) of the beam.

* It is TIR that leads to the propagation of waves within fiber-
cable medium.

* TIR can be observed only in materials in which the velocity of
light is less than in air.



Continue

. Sometimes, when light is moving from a denser medium
towards a less dense one, instead of being refracted, all of the
light is reflected.

. This phenomenon is called total internal reflection

e Total internal reflection (TIR) occurs when:
- The angle of incidence is greater than the critical angle and
- The incident material is denser than the second material
° Therefore, the two conditions for total internal reflection are:
o The angle of incidence > the critical angle
o The incident material is denser than the second material




Principle of Transmitting Light in Fiber Optic

- Reflection (Total Internal Reflection)

total internal reflection
occurs here




C: Total Internal Ref



mmp Example 2.2.1 : A light ray is incident from medium-1 to medium-2. If the refractive
indices of medium-1 and medium-2 are 1.5 and 1.36 respectively then determine the
angle of refraction for an angle of incidence of 30°

Solution : Medium-1 n; =15
Medivum-2 #, = 1.36
Angle of incidence ¢;= 30°

Angle of refraction ¢, =7

! Snell's law : nj sind; = n; sind,
i

15351 30° = 1.36 sind,

L3 sn 30°

singz = 132

sin ¢, = 0.55147
o = 33.46°

Angle of refraction =33.46° from normal. .. Ans,



sp Example 2.2.2 : A light ray is incident from glass to air. Calculate the critical angle
@c)

“Solution : Refractive index of glass n; = 1.50

-

Refractive index of air n, = 1.00

Snell's law : ng sind; = nj sind»
; 2

: n, .
sind, = — sin § 5

ni

From definition of critical angle, ¢, =90° and 1 =9

sinpe = 2 gin 90°
nj
sind, = (%}xl = Lih7
d. = sin~! 0.67
d. = 41.81°

Critical angle ¢ .

4181° - .. Ans.



Example 4: Relating Angles in Several Optically Different Materials

The diagram shows a light ray that is transmitted from substance I to substance II at angle 6, to the
boundary between the substances. The ray is totally internally reflected back into substance II at the
boundary to substance III. For any angle of € greater than 6, , the light ray is transmitted to substance II.

Find the angle 0, to the nearest degree.

Substance I
n=1.33

Substance II
n = 1.50

Substance II1
n=1.00



The ray experiences total internal reflection at the boundary between substances II and III, so it must be
incident on the boundary at an angle no smaller than the critical angle. We also know that the ray
transmits through this boundary when it is incident on the first boundary between substances I and II at
an angle larger than 0, , so let us think about what this implies. If the angle at 0, is made larger, the angle
of incidence at the boundary of substances II and III is made smaller. We know that if this angle is made
any smaller, the light will not experience total internal reflection; thus, 8, is set at a special value so that
the angle of incidence between substances II and III is approximate to the critical angle. Since we know
the refractive indices of the materials on either side of the boundary, we can calculate the critical angle to
learn more about this setup. To calculate the critical angle here, we can rearrange the critical angle
formula (from Snell’s law) to solve for 6, and plug in the values n, = 1.00 and n; = 1.50:
H’?‘

6. = arcsin — = arcsin — = 41.8°.
¢ nf 1.50



Knowing this, we can use the properties of a right triangle to determine the angle of refraction as the ray
passes from substance I to II. Below is a diagram that helps relate these angles to each other using a right
triangle, shown in blue. Notice that the vertical leg of the blue triangle is parallel to the surface normal
between substances Il and III. Because of the alternate interior angles theorem, we know that the top
internal angle of the right triangle, which is the angle of refraction for the ray passing from substance I to

I1, is congruent, or equal, to 8. This is shown in the diagram below.

Thus, at this boundary, 6, = 41.8°, and we also know the indices of refraction for the materials on either

side of the boundary, so we can use Snell’s law to solve for the angle of incidence there:

n;sin6; = n, sin 6,

. n,. .
6; = arcsin (—" sin 6,)
i

0 sin 41.8")

= arcsin (1.33



. (1.50 . )
= arcsin (m sin41.8 )

= 48.7".
Because 6, is complementary to &;, we can find the value of 6, using 90° —48.7° = 41.3°.

Rounding to the nearest degree, we have found that 6, = 41°.

Beyond using n values to determine the critical angle, it 1S important to be able to use the critical angle
>quation to solve for different values, such as the refractive index of a given material. We will practice this in the

lollowing example.



Example 5: Calculating a Refractive Index Using the Critical Angle

Light rays travel through a layer of kerosene floating on the surface of water that has a refractive index of
1.33. Light rays that are incident on the interface of kerosene and water at angles of 16.9° from the surface
or less are totally internally reflected. What is the refractive index of the kerosene? Give your answer to

two decimal places.

Answer

We have been given the value of an angle, but it is not equal to the critical angle because it is measured
relative to the surface rather than the surface normal. However, the critical angle can be easily computed

from the angle given because they are complementary:

90° — 16.9° = 73.1°.

Kerosene

16.9° I\
B¢

Water



Thus, we know that 6, = 73.1°. Now that we have a value for the critical angle, and since we know that
Nwater = 1.33, we have two out of the three variables that appear in our equation for the critical angle:
. n,
sinf, = —.
n;
We can rearrange this equation to solve for one of the n values. Because the light ray is traveling from the
kerosene to water, we know that n,,,.., = n,,and we need to solve for n;, the refractive index of kerosene.

To do this, we can multiply both sides of the equation by sirrllie :
c

ny= —2
‘" sinB,’

We are now ready to plug in 6, = 73.1° and n, = 1.33:

n 1.33
n; = r_ —

Y. T = 1.39.
sin@, sin73.1°

Therefore, kerosene has a refractive index of 1.39.



m=> Example 2.2.3 : A lightwave is travelling in a semiconductor medium (LAAS) O
refractive index 3.6. It is incident on a different semiconductor medium (AlGaAs) of

refractive index 3.4 and the angle of incidence is 80°% WIll this result in total internal
reflection.

Solution :Refractive index of GaAs (1n11) = 3.6
Refractive index of AlGaAs (n2) = 3.4

Angle of incidence ¢, =80° | :

Snell's law : n; sin¢$; = nj sind»

At critical angle ¢ =9 and ¢ =90°

nj»

sin . = e sin 90°
= 3% sin 90°
= 0.945 |
$. = sin~!0945=70.81° -~ o ... Ans.

Since critical angle 8. is less than angle of incidence ¢ but for total internal

reflection (TIR) to exist the incideni an i ' ‘
e ( i
In the given problem ¢, = 80° gle (01) must be greater than critical angle (8,).

and 9, =71°, hence TIR will take place.



Acceptance Angle (6,)

it is the maximum angle of a ray hitting the fiber core which allows
the incident light to propagate into the fiber.

Air (n,)

Cladding

Ng Sin0; = n, sin 06,

/1
Q= i 0, Cladding "

Ny sinf; = n, cos P«




Acceptance Angle

When a light ray hits Fiber optic core with an incident angle 61 , that

means it transmits from air to the fiber core (two materials with different
refraction index), it refracted with an angle ©2.

Air (n,)

Cladding n,

Core
A C i

Cladding




In this case, Snell’s law can be applied

Snell’s Law

7lq - refractive index for incident medium
7l-> . refractive index for refracted medium
@1 < angle of incidence

@2 - angle of refraction

If incidence angle is ©1 and refraction angle is 62, Then

N1Sin 6; = n, SINB6>»



e Since the incidence ray comes from air (refraction index of
air ng), then ni=ng
e The refraction index of core is n1, then n2=n1
Thus,

No Sin ©1 = n1 SIN6G»

e Since the ray transmission in optic fiber depends on total
internal reflection, i.e., the ray should be reflected at the
interface surface between core and clad (point B)

for the tringle ABC, ©6,=90-¢
No Sin ©1 = n; Sin (90- &) = n; Cos(P)



by using the trigonometric relationship,
Sin? b +Cos? b =1 then Cos b= (1- SinZ )1/2
no Sin ©1= Ny (1- Sin? )V/2= (n1?- n,2 Sin? )1/
for total internal Reflection, the angle ¢ = ¢.

were ¢. is the critical angle and Sin d.=nz/n;

then Sind =nz/ni1,  Sin? o= (n2/N1)?= N2?%/n,?
then no Sin B:= (N12- n12. N22/Nn12)Y2= ( n12- ny2)1/2
No Sin ©:1=( n12- n;2)1/2

Sin 8:1=(1/ no). ( N12- ny2)1/2

©1 = Sin"}((1/ no). (n12- n,2)1/2)



The above equation gives the incidence angle ©3 in function of
refraction index of air, Cor and cladding

This angle is known as acceptance angle ©,, which is the
maximum angle of a ray hitting the fiber core which allows the

incident light to propagate into the fiber.

0. = Sin"}((1/ no). (n12- n2)/2)

With no =1 (air)
6. = Sin™? (n12- ny2)%/?)

Or Sin 6, = (n12- nz2)? = Numerical aperture (NA)



For calculating acceptance angle from NA
6. = Sin! (n1%- n»2)¥/2)= Sin! NA
Let us defined Index difference n=N1.N3
©. = Sin?! (n12- n2?)*¥2)= Sin? ((n1-n2)(N1+n3))*/2
If n;is near n, then Ni+N>= 2N,
Hence NA= Sin 6.,=(2n14,)2
If we define relative Refractive Index A = (n1-n3)/n1
Then, A. N1=N1-N3

NA= Sin ©. = (n12- n»2)Y2= ((n1-n3)(N1+n;))*/2

NA= Sin 6, = ((A. n1) (2 ny))Y2 = n41(2. A)



Numerical aperture (Na) and its relation to acceptance angle O

iAgain, the acceptance angle was defined as the maximum angle
to the fiber core axis at which light ray may enter the fiber axis

in order to get propagation in side it.

While Numerical aperture is used to describe the light gathering
or light collection ability of optical fiber cable.



Acceptance Angle (0,)

ngsinf@; = nycos®

By using the trigonometrical relationship: sin? @ + cos?@ =1

ngsinf; = ny(1 — sin? @)/2

While sin@, = % , and @ becomes equal to the critical angle @,
1

& n
So, sing ==
ny

0, becomes the acceptance angle for the fiber 6,
ngsin@, = (nf —n3)1/2

NA = ngsinf, = (nZ —n3 )/?




Numerical Aperture (NA)

The numerical aperture (NA) of a fiber is defined as the sine of the
largest angle an incident ray can have for total internal reflectance
in the core.

Ny« Core refractive index N, . Cladding refractive index

A: relative refractive index difference

6, . acceptance angle




Summary

Critial Angle (B SSITIGE)
Acceptance Angle _
\

Numerical Aperture [ NA= nosinf, = (nf =nf)!2




Example:

A silica optical fiber with a core diameter large enough to be considered by the ray theory
analysis has a core refractive index of 1.50 and a cladding refractive index of 1.47.

Determine:

1. The critical angle at the core-cladding interface.
2. The NA for the fiber.

3. The acceptance angle in air for the fiber.
Answer:

1. The critical angle at the core-cladding interface = @,

) n;
@, = sin~! —=
ny
. _q1 147
= sin~™*' —
Dc 1.50

0, = 78.5°




Answer:

2. The NA for the fiber.
NA = (nf — n% )1/2
NA = (1.502 — 1.47 ?)1/2
NA=0.3
3.The acceptance angle in air for the fiber = 9,
0,= sin"! NA
8,= sin~! 0.3

0,=17.4°




Homework:

An optical fiber has a numerical aperture of 0.20 and a cladding refractive index of 1.59.
Determine:

1. The acceptance angle for the fiber in water which has a refractive index of 1.33.
2. The critical angle at the core-cladding interface.
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