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Introduction

Optical communication is as old as humanity itself, since from time  
immemorial optical messages have been exchanged, e.g. in the form of: 

hand signals
smoke signals
by optical telegraph

To the optical information technology as we know it today - and as it is 
described in this presentation - two developments were crucial:

The transmission of light over an optically transparent matter (1870 first 
attempts by Mister Tyndall, 1970 first FO by Fa. Corning)
Availability of the LASER, in 1960
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The principle of an optical communication system

Transmission
channel

Tx E
O RxO

E

ReceiverConverterTransmitter Converter
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The electromagnetic wave

Magnetic wave Propagation
direction [meters]

Wavelength λ

Time scale
[seconds]

Light is an electromagnetic wave and can be 
described with the equations of Maxwell.

Electric wave

Period τ
Frequency = 1 / τ
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Wavelength range of electromagnetic transmission

Wavelength

Frequency [Hz]102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018

3000km      30km             300m            3m               3cm           0.3mm          3µm             30nm          0.3nm

NF
range

HF
range

Microwave
range

Optical
range

X-Ray
range

Analog
telephony

AM
radio

TV &
FM

radio

Mobile
phone

MW
stove

X-Ray
pictures
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Wavelength range of optical transmission

Wavelength [nm]

Frequency [Hz]

1800             1600            1400            1200           1000             800              600               400       200

2x1014 3x1014 5x1014 1x1015

Infrared
range

Visible
range

Ultraviolet
range

Fiber optic 
transmission 

range
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Velocity of electromagnetic wave

(Velocity of light in vacuum)

Velocity of light (electromagnetic radiation) is:

C0 = Wavelength x frequency

C0 = 299793 km / s

Remarks: An x-ray-beam (λ = 0.3 nm), a radar-beam (λ = 10 cm ~ 3 GHz) or
an infrared-beam (λ = 840 nm) have the same velocity in vacuum
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Refractive index

(Change of velocity of light in matter)
Velocity of light (electromagnetic radiation) is:

always smaller than in vacuum, it is
Cn (Velocity of Light in Matter)

n = C0 /  Cn

n is defined as refractive index (n = 1 in Vacuum)
n is dependent on density of matter and wavelength

Remarks: nAir= 1,0003, ncore= 1,5000 or nSugar Water= 1,8300
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Refraction

light beam
α1

α2Glass material
with slightly 

higher density Glass material
with slightly 
lower density

n2

n1

Plane of interface

sin α2 / sin α1 = n1 / n2Remarks: n1 < n2 and α1 > α2
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Total refraction, angle of limit

light beam

α1 = 90°

αLGlass material
with slightly 

higher density

Glass material
with slightly 
lower density

n2

n1

Angle of limit

Plane of interface

Remarks: n1 < n2 and α2 = αL

sin αL = n1 / n2sin α1 = 1
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Reflection

light beam

αin

Glass material
with slightly 
lower density

n2

n1

αout

Glass material
with slightly 

higher density

Plane of interface 

Remarks: n1 < n2 and αin = αout
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Summary

n2

αout

Glass material
with slightly 
lower density

αin Glass material
with slightly 

higher density

n1

α2α2

α1 90°
Plane of Interface 

Total
refractionrefraction reflection
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Where all began

Three Corning scientists, Drs. Donald Keck (seated, left), Robert Maurer 
and Peter Schultz, are credited with developing the world's first commercially 
viable optical fiber in 1970. 
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Structure of fiber

Refractive index
profile

t t
Emitting pulse Receiving pulse

n1

n2

n1

n1 n2

Core
Cladding

Primary coating
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Numerical aperture

Numerical Aperture NA = sin Θ = (n2
2 - n1

2)0.5
n1 n2

n1

n2

Acceptance angle

Light source
LED

Light source
LED

n1

2Θ

Refractive index
profile

(Step index)

Θ ∼ 17.5 °Remarks: NA = 0.3 typical value for step index Fiber
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Numerical Aperture NA and transmission 
performance

Large values of NA mean large values of Θ , meaning
more light power will be coupled into the fiber

Large values of NA mean more modes in the fiber

More modes mean lower bandwidth

Large values of NA mean lower bending induced
attenuation of the fiber

Remarks: Two Fibers with NA = 0.2 & 0.4 Fiber with NA = 0.2 has      
8-times more bending induced attenuation than NA = 0.4 Fiber
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Light on fiber optics only propagates on discrete 
ways

These discrete ways are called modes (in mathematical terms they are the 
solutions to the Maxwell equations).
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Modes seen in an other way (scanned from 
the side)

Results from a research 
in a Spanish university
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Fiber optic theory / fiber

Basically, we distinguish between two types of fiber: 

Single-mode fiber
Step index

Multimode fiber
Step index

Graded index
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Multimode fibers (Step index profile)

n1 n2

n1

n2

n1

Refractive index
profile

(Step index)

Number of modes M = 0.5x(πxdxNA/λ)2

Remarks: ~ 680 Modes at NA = 0.2, d = 50 µm & λ = 850 nm
~ 292 Modes at NA = 0.2, d = 50 µm & λ = 1300 nm



Fiber Optic Transmission Theory / Page 22

Multimode fibers (Graded index profile)

n1 n2

n1

n2

n1

Number of modes M = 0.25x(πxdxNA/λ)2 Refractive index
profile

(Graded Index)

Remarks: ~150 Modes at NA = 0.2, d = 50 µm & λ = 1300 nm
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Single-mode fiber

n1

n1
n2

n2n1

Example: n1 =1.4570 and n2 = 1.4625 Refractive index
profile

(Step Index)Remarks: One mode (2 polarisations)
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Types of refractive index profile

Step index Step index Graded index

For
singlemode
transmission

For
multimode

transmission

For
multimode

transmission
Core size
~ 9/125 µm

Core size 
50/125 or 62.5/125 µm

Core size 
50/125 or 62.5/125 µm
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Overview of the main of characteristics

1

2

3

attenuation
[dB/km]

attenuation
[dB/km]

Term

DispersionDispersion

Numerical 
Aperture (NA)

[-]

Numerical 
Aperture (NA)

[-]

Power loss 
along the

of link

Power loss 
along the

of link

Effect

Pulse broadening
and

signal weakening

Pulse broadening
and

signal weakening

Coupling loss
LED/Laser fiber

fiber fiber
fiber e.g. APD*

Coupling loss
LED/Laser fiber

fiber fiber
fiber e.g. APD*

Transmission 
distance

Transmission 
distance

Limitation

Signal bandwidth 
&

transmission distance

Signal bandwidth 
&

transmission distance

Coupling
capacitance
Coupling

capacitance

* Avalanche photodiode
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Attenuation

In fiber optics losses occur in dependence of fiber length and wave length.     
They are called attenuation.  

The attenuation is length dependent:

A = 10 x log (Pin / Pout)

Fiber length [km]

At
te

nu
at

io
n 

[d
B]

0 dB
100%

3 dB
50%

6 dB
25%Pin Pout1/2 1/2
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Attenuation

Output signalInput signal
Multimode-

Stepindexfiber

Multimode-
Gradetenindexfiber

Singlemodefiber

n1

n2

r

n1

n2

r

n1
n2

r
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Singlemode propagation

2Θ

Beam waste

2w
0

2w
0

Acceptance angle

Numerical Aperture:
NA = sin Θ = (n2

2 - n1
2)0.5 = λ / π w0

Example: NA = 0.17 and Θ = 9.8°
Definition in SM: cut-off wavelength
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The attenuation spectrum of a multimode fiber

800                 1000               1200               1400                1600

wavelength [nm]

3.5

2.5

1.5

A
tte

nu
at

io
n

[d
B

/k
m

]

1.
Window

2.
Window

3.
Window

SiOH-absorptions

Rayleigh-scattering (~ 1/λ4)

950 1240 1440

5. 
Window

4.
Window
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Attenuation spectrum of a single-mode fiber

800             1000             1200             1400          1600

wavelength [nm]
14401240

Multimode Singlemode

λc
λc: cut - off wavelength

3.5

2.5

1.5

A
tte

nu
at

io
n

[d
B

/k
m

]
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Changes of attenuation during the last years

100

50

20     

1     

10     

5     

0.5

0.2

2

0.6 0.8 1.0 1.2 1.4 1.6 1.8

Middle of seventies

Wavelength (nm)

Eighties

Visible Range 

Early seventies

1. Generation

2. Generation

3. Generation

At
te

nu
at

io
n 

(d
B/

km
)
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Spectral sensitivity of detectors
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Dispersion

By dispersion we understand the pulse broadening of a narrow input pulse 
which is broadened along the length of an optical fiber.

L1 L2 L3

Input pulse Output pulse after Lx

L1

L2  + L2

L1 + L2 + L3
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Dispersion types

Modal
dispersion

Modal
dispersion

Chromatic
dispersion

[ps/km * nm]

Chromatic
dispersion

[ps/km * nm]

Polarisation 
Modal dispersion

PMD
[ps/√(km)]

Polarisation 
Modal dispersion

PMD
[ps/√(km)]

Multimode fiber Single-mode fiber
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Power spectrum of a LASER or LED source

Density
-15 to -25 dBm

LED

+5 to -10dBm

LASER

1-5nm60-100nm

λλ
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PMD of a single mode fiber

"slow axis" ny

"fast axis"nx< n y

y

x

Delay
(PMD)
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Modal dispersion of a multimode fiber

Step or graded index profile

time

Emitting pulse Receiving pulsePulse distortion 
due to 

Refractive index 
deformation

time
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What we have learned about fo characteristics

2 DispersionDispersion Pulse broadening
and

signal weakening

Pulse broadening
and

signal weakening

Signal bandwidth 

transmission distance

Signal bandwidth 

transmission distance

1 AttenuationAttenuation
Power loss 

along the
fo link

Power loss 
along the

fo link
Transmission 

Distance
Transmission 

Distance

Term Effect Limitation

3 Numerical 
aperture

Numerical 
aperture

Coupling loss
LED/Laser fiber

fiber fiber
fiber e.g. APD*

Coupling loss
LED/Laser fiber

fiber fiber
fiber e.g. APD*

Coupling
capacitance
Coupling

capacitance

* Avalanche Photodiode
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Launch conditions

There are 2 ways to send light on a MM fiber (called launch conditions).
Overfilled launch

The core of the fiber is completely illuminated (=> all theoretically 
possible modes are stimulated). 

Typically by means of LED.

Present bandwidth details usually base on a measurement by means of 
a overfilled launch. 

Restricted launch (e.g. with Gigabit Ethernet)
The core of the fiber is not completely illuminated (=> not all the 
theoretically possible modes are stimulated).

Typically by means of VCSE or laser.

Usually, bandwidths are larger with the restricted launch in comparison 
with the overfilled launch. 
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Laser safety

Depending on the power and the distance to the place of exit, laser radiation can 
cause eye damages (here: retina) as well as skin damage. 

There are different danger potentials with a laser. They are described in           
IEC / EN 60825.

Classes 1, 2, 3A, 3B and class 4.
The higher the class the greater the danger potential

In addition to the international standards there are also national laws, regulations 
and guidelines to be observed, as well as the safety regulations of the 
manufacturer, and the instructions of the laser safety agent. 
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Any questions?
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