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Transmission Characteristics of Optical Fibers
Introduction
One of the important properties of optical fiber is signal attenuation. It is also known as
fiber loss or signal loss. The signal attenuation of fiber determines the maximum distance
between transmitter and receiver. The attenuation also determines the number of
repeaters required, maintaining repeater is a costly affair.
Another important property of optical fiber is distortion mechanism. As the signal pulse
travels along the fiber length it becomes broader. After sufficicut length the broad pulses
starts overlapping with adjacent pulses. This creates error in the receiver. THence the
distortion limits the information carrying capacity of [iber,
Attenuation
Attenuation is a measure of decay of signal strength or loss of light power that occurs as
light pulses propagate through the length of the fiber,
[n optical fibers the allenuation is mainly caused by two physical factors absorption and
seattering losses. Absorption is because of fiber material and scatlermg due to structural
imperfection within the fiber. Nearly 90 % of total attenuation is causcd by Rayleigh
scatlering only.
Micro bending of optical fiber also contributes to the attenuation of signal. The rate at
which light is absorbed is dependent on the wavelength of the light and the characteristics
of particular glass. Glass is a silicon compound; by adding different additional chemicals
to the hasic silicon dioxide the optical propertics of the glass can be changed.
The Ravleigh scattering is wavelength dependent and reduces rapidly as the wavelength
of the incident radiation increases,
The attenuation of fiber is governed by the materials from which it is fabricated, the
manufacturing process and the refractive index profile chosen. Attenuation loss s

measured in dBdan,

2L AUenuation Units
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As allenuation leads 1o a loss ol power along the [iber, the outpul power is
significantly less than the couple’s power. Let the couples optical power is p(0) 1e. at
origin {# = 0}, Then the power at distance # 1s given by,

- T

B(Z) = P(0)e %

Where, ap is fiber attenuation constant {per km).

Mg = 4343 ®, perim

This parameter s known as (ber loss or (ber altenuation.
Attenuation 15 alse a function of wavelength., Optical liber wavelength as a

function of Wavelength 1s shown in Fig, 2.1.1,

Fly: 2.1.1 Flber stanuation an o Riootban . of saasoicnotl
Example 2.1.1: A low loss fiber has average loss of 3 dB/km at 900 nm. Compute the length

over which - a) Power decreases by 50 % b) Power decreases by 75 %,

Solution: o =3 di¥km

i) Power decreases by 5005,
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i1 1% given by

7 1 i 1
3= 10 .— log [0.5]
A
z=1km
b} Power decreases by 75 %,
25 = 95 0p = 0.25
Bz o
e = 1 r
3=10x>log[0.25]
z=2km

Since power decrease by 75 %,

I"_xmnpl{'. 2.1.2: When mean optical power launched into an 8 km length of fiber is 12 pW, the
mean eptical power at the Giber output s 3 0W. Delermine
1) Overall signal attenuation in dB,
2) The overall signal attenuation for a 10 km optical link using the same [iber with splices at |
km intervals, cach giving an attenuation ol | dB.
Solution :
Given :z =8 km
[TP0) = [20 p'W
Piz)=3 pW

1y Oreerall attenuation is given by,

'_
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21 Orverall attenuation for 10 km,
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Attenuation per kin

160 _ 1602

a &

=35 = 2.00 dB/km

Attenuation in 10 km link = 2.00 x 10 =20 dB

In 10 km link there will be 9 splices at 1 km interval, Each splice introducing attenuation

L3|-] IJH
Total altenuation = 20 dB + 9 dB = 29 dB

Example 2.1.4: A continuous 12 km long optical fiber link has a loss of 1.5 dBikm.

d omto the fiber to

) What 1s the minimum optical power level that must be launche
mamtain as optical power level of 0.3 HW al the receiving end?
1) What is the required input power if' the fiber has a loss of 2.5 dB/km?
[July/Aug-2007, 6 Marks]
Nolution:

Giiven data: 2= 12 km
= 1.5 dB/km

POy =03 pW

i Attenuation in optical fiber is aiven by,
: ‘ , l o _f..l,. :__I:J;I k'
A= 10 x - log fF-]J
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Optical Fiber Communication

Optical power output = 4.76 x 10 W
i) [nput power =7 P(0)

When o= 2.5 dB/km

¢ i':l.' |
|L|;; =10 x :1':1{'. 1%"_:1\} J|

n f pll{. H_ R
B\ 376u 10/ 1833

pP{0} e
476 x107F

POy =476 uW

Input power= 4.76 p\W

o Absorption loss is related to the material composition and fabrication process of fiber.
Absorption loss results in dissipation of some optical power as hear in the fiber cable.
Although glass fibers are extremely pure, some impurities still remain as residue after
purilication. The amount of abgorption by these impurities depends on their concentration
and light wavelength.

e Absorption is causcd by three different mechanisms.
1y Absarption by atomic defects in glass composition.

2} Extrinsic absorption by impurity atoms in glass mats.
1) Intrinsic absorption by basic constituent atom of fiber.

3. Absorption by Atomic Defects

e Atomic defeets are imperfections in the atomic stucture of the fiber materials such as
missing molecules, high density clusters of atom groups. These absorption losses are

negligible compared with intrinsic and extrinsic losses.
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The absorption effect is most significant when fiber is exposed to onizing radiation in
huclear reactor, medical therapies, space missions ete. The radiation dames the internal
structure of fiber. The damages are proportional to the intensity of 1onizing particles. This

results in inereasing attenuation due to atomic defects and absorbing optical energy. The

total dose a material receives is expressed in rad (Si), this is the unil for measuring
radiation absorbed in bulk silicon.
I rad (Si) = 0.01 Lkg

The higher the radiation intensity more the attenuation as shown in Fig 2.2.1.
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Extrinsic Absorption

Extrinsic absorplion occurs due to electronic transitions between the energy level and
because of charge transitions from one ion Lo another. A major source ol altenuation is
from transition of metal impurity ions such as iron, chromium, cobalt and copper. These
losses can be upto 1 to 10 dB/km. The effect of metallic impurities can be reduced by
elass refining techniques.

Another major extrinsic loss is caused by absorption duc to OH (Hydroxil) ions
mnpurities dissolved in glass. Vibrations oceur at wavelengths between 2.7 and 4.2 pm,
The absorption peaks occurs at 1400, 950 and 750 nm. These are first, second and third
overtones respectively.

Fig. 2.2.2 shows absorption spectrum for OH group i silica. Between these absorption

puaks there are regions ol low attenuation,
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Fig. 2.2.2 Absorption spectra for OH group

Intrinsic Absorption

Intrinsic absorption occurs when material is in absolutely pure state. no density
variation and in homogeneities. Thus intrinsic absorption sets the fundamental lower limit
an absorption for any particular material.

[ntrinsic absorption results from clectronic absorption bands in UV region and from
atomic vibration bands in the near infiared region.

he electronic absorption bands are associated with the band paps of amorphous elass

materials, Absorplion oceurs when a photon interacts with an electron in the valene band
and excites 0 to a higher energy level. UV absorplion decays exponentially with
mereasing wavelength (A).
o the TR (infrared) region above 1.2 pm the optical wiveguide loss 15 determined by
presence ol the OH jons and inherent 1R absorption of the constituent materials. The
mherent IR absorption is due to interaction hetween the vibrating band and the
electromagnetic field of optical signal this results in transfer of enerey from field to the
band, thereby giving rise to absorption, this absorption is strong because of many bonds
present in the her,

L

Altenuation spectra for the intrinsic loss mechanism in pure Ge is shown in Fig. 2.2.3.
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Flg. £.2.3 Allenualion spectra Tor intrinsin boss
e The ultraviolet loss at any wavelength is expressed as,
L A I " we

where,

%18 mole raction of Gel)s,

L s operating wavelength.

cuy s in 13k,

The doss ininlrared (IR) region (above 1.2 pm) is given by expression:

f=4E 48

%= THRLY 10 § ot
The expression is derived for GeO2-5i02 glass fiber.
Rayleigh Scattering Losses
Scattering losses exists in optical Nbers because of microscopic variations in the material
density and composition. As glass is composed by randomly connected network of
molecules and several oxides (e.g. Si02, GeO2 and P205), these are the major cause of
compositional structure fluctuation. These two effects results to variation in refractive
mdex and Rayleigh type scattering of hight.
Rayleigh scattering of Tight is due to small localized changes in the refractive iIH.il:\' of the
core and cladding material. There are two causes during the manuficturing of fiber,
The first 15 due to slight fluctuation in mixing of ingredients. The random changes
because ol this are impossible to ¢liminate completely,
The other cause is slight change in density as the silica cools and solidifics. When light
ray strikes such zones it gets scattered in all directions, The amount of scatter depends on

the size of the discontinuity compared with the wavelength of the light so the shortest
Page {:‘?}
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wavelength (highest frequency) suflers most scattering. Fig. 2.3.1 shows araphically the

relationship between wavelength and Rayleigh scattering loss.
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Fig. 2.3.1 Scattering loss
Scattering loss lor single component glass is given by.

Bt

Heoar= 7 (0 —1)° ky Ty By nepers
where, n = Refractive index
kB = Boltzmann’s constant
(T = [sothermal compressibility of material
T1= Temperature at which density fluctuations are frozen into the glass as it solidifics
{ Fictive temperature)
Another form of equation is

En®

%_ .= — 0" p* kg Tefr nepers
4%

where, P = Photoclastic coefTicient

Scattering loss for multi component glasses s given by,

gm°
= (5507 G
Feeas™ i Wond
where. 6; = Mean square refractive mdex fluctuation

& = Volume of fiber
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Multimode Tibers bhave Tligher dopant concentrations and  greater  compositional

fluctuations. The overall losses in this liber are more as compared to single mode fibers.

Mie Scattering:

Linear scattering also oceurs at in homogencities and these arise lrom imperfections in
the fiber’s geometry. irregularities in the refractive index and the presence of bubbles ete. caused
during manufacture, Careful control ol manufacturing process can reduce mie scatlering Lo
insignificant levels,

5. Bending Loss

Losses duc to curvature and losses caused by an abrupt change m radius of curvature are
referred to as “bending losses.”

The sharp bend of a fiber causes significant radiative losses and there is also possibility
of mechanical failure. This s shown i Fig, 2.4.1.

Mormal

- ' -
Light Core ! Escaped

ray . ray
a._ﬁ_\\_\

Fig. 2.4.1 Bending loss

As the core bends the normal will [ollow it and the ray will now find itself on the wrong
side of eritical angle and will escape. The sharp bends are therefore avoided. The radiation loss
lrom a bent Nber depends on —

Field strength of certain eritical distance x¢ from fiber axis where power 18 lost through
radiation,

The radius of curvature R, The higher order modes are less tghtly bound to the fiber
core, the higher order modes radiate out of fiber firstly.  For multimode Tiber, the effective
number of modes that can be guided by curved fiber 1s given expression:

= E _2{'_‘1,_ ( 2 ]'3£
Nage = Ne. L‘L 2ms B T Ve kR J
wlhere,

i is graded index profile.
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Ais core — cladding index difference,
n2 1s refractive index ol cladding,
ks wave propagation constant

Noo s total number of modes in a straight fiber,

N.=—(n ka)a
e - e R f

Microbending
e Microbending is a loss doue o small bending or distortions, This small micro bending s
nol visible, The losses due to this are temperature related, tensile velated or crush related.
o The cifcets of microbending on multimode Giber can resull i imcreasing  allenuation
(depending on wavelength) 1o a series of periodic peaks and troughs on the spectral
attenuation curve, These effects can be minimized during installation and testing. Fig.
2:4.2 illustrates microbening.

Cladding

Core
Fig. 2.4.2 Microbending
Macrobending

e The change m spectral atlenuation caused by macrobending 15 dilferent o micro bending.
Usually there are no peaks and troughs because in a macrobending no light 15 coupled
back mto the core Trom the cladding as can happen i the case ol microbends.

o The mucrobending losses are cause by large scale bendimg ol Ober. The losses are
climmated when the bends are strghtencd. The Josses can be mnimuzed by nol

exvcedimg the Tong term bend radn, Fig, 2.4.5 ilustrates macrobendimg,
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Fia. 2.4.3 Macrobending

Core and Cladding Loss
o Since the core and cladding have different indices of refraction hence they have different
attenuation coefficients al and a2 respectively.,
e Forstep index fiber, the loss for a mode order (v, m) is given by,

B EE.'E'.;.E rr Foladdin
v oL 1 T =L --—'-r-Fl

«  For low-order modes, the expression reduced to

o Mg
Y [ oo, ot ;] E;-l:!il;uh
L Sk 1 P

S m

\ P...- Peladding 3 v
where, —52 and —Efp;’i are fractional powers,

e For graded index fiber, Joss at radial distance is expressed as,

B L
L TN
n=idi- sy

B (r) =, + (K — o)

The loss for a given mode is cxpressed by,

. ‘ mig) Pl dr
Hraded tadex™ o

Bigipdp

Where, P(r) is power density of that model at radial distance r.

6. Signal Distortion in Optical Waveguide

The pulse gers distorted as it travels along the fiber lengths, Pulse spreading in fiber is
referred as dispersion. Dispersion is caused by difference in the propagation times of lizht rays
that takes different paths during the propagation. The light pulses wavelling down the fiber

encounter dispersion effect because of this the pulse spreads out in time domain. Dispersion

Page b3
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limits the information bandwidth, The distortion effects can be analyzed by studying the group

veloeities in guided modes.

Information Capacity Determination

ispersion and attenuation of pulse travelling along the fiber is shown in Fig, 2.6.1

| /{f\ ,f'f{ '\.ﬁk\ I

{:-? | j,r"lf\\.;f/-\k ik
: JATA

Fig., 2.6.1 Bisperaion and atteatation in fiver

Fig, 2.6.1 shows, aller travelling some distance, pulse starts broadening and overlap with the
neighboring pulses. At certain distance the pulses are not even distinguishable and error will
oceur at receiver, Therelore the mformation capacity is speciltied by bandwidth distance product
(Ml km). For step index bandwidth distance product is 20 MHz. ki and for graded index it is

2.5 Mz, k.

Croup Delay

Consider a fiber cable carrving optical signal equally with various modes and cach mode
comtaing all the spectral components in the wavelength band. All the spectral components travel
mdependently and they observe different time delay and eroup delay i the direction of
prepagation, The velocity al which the encrgy in a pulse travels along the fiber is known as

aroup velocity. Group velocily 1s given by,

Thus different frequency components in a signal will travel al different group velocities and
soowill arvive at their destination at different times, for digital modulation of carrier, this results
in dispersion of pulse, which affects the maximum rate of modulation. Let the difference in

propalion tmes [or teo side bands is a1,

Page |2
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where,
&T = Wavelength difference between upper and lower sideband

bk &

—; = Duspersion coefficient (D]
[l
Then
T . -
O &= — where. L 15 leneth of fiber.
Lodk -

D =5{s;)

, 1 L -
A#T=— and considermg wut length L = 1.
|ri
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g p=id diy
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Material Dispersion

Malerial dispersion 15 also called as chromatic dispersion. Material dispersion exists due 1o
change in index of refraction for different wavelengths, A light ray contains components of

various wavelenglhs centered ot wavelength 210, The tume delay is different for different

f
Page _F
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wavelength components. This results in time dispersion ol pulse at the receiving end

Fig. 2.6.2 shows index of refraction as a function of optical wavelength,

Fig. 7 4.7 Indaox of wlracton as & funcilon of wavslsoglis

The material dispersion lor unit length (L = 1) s given by

—h d:n
Do =~ oz

=

rRat bR
Where, ¢ = Light velocity

= Center wavelength

d*n

dz

w1

= Second derivative of index of refraction w.r.t wavelength

ol liber.

Negative sign shows that the upper sideband signal (lowest wavelength) arvives belore the

lower sideband (highest wavelength).

A plot of material dispersion and wavelength is shown in Fig, 2.0.3
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Fig. 2.6.3 Matoria! disparsion as a function of #

The unit of dispersion is: ps/nm. Km. the amount of material dispersion depends upon the

chemical composition ol glass,

Example 2.6.1: An LED operating at 850 nm has a spectral width of 45 nm. What is the

pulse spreading in ns/km due to material dispersion? [JanJ/Feh.-2007. 3 Marks|

Solution:
Given : 4 = 850 nm
o= 45 am
R.MLS pulse broadening due to material dispersion is given by,
aom =g LM
Considering length L = | meter

—A g°n

mat = £ s
[ 7

Matsrial dispsrslon constant

For LED source operating at 850 nm,

| .~d%r
|g2EE

dat

={.025

= e = (O 5

03 zeLo®d iR

(=

=n
diE

=l

i

1
M=
'S

L=l

M =98 psiunkm
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G =45 x 1 x 9.8 =441 pskm
T = 441 ns'kin

Example 2.6.2: What is the pulse spreading when a laser diede having a 2 nm spectral width
15 used? Find the the matenal-dispersion-induced pulse spreading at 1550 nm for an LED with a

75 nm spectral width? [Jan/Feb 22007, 7 Marks|
Solutions:

Ceiven: A=2nm

a=75
=t e |
Tl T
1 - y ;
Dg-n,a_t = W x 003 = B0 pa/num /lan
=2 I x50=100 ns/lkin
e F - - =i
For LED Uopar = ——— =53 Fhpznm k™

(Ba10F 1883
Gu=/0X ] X53.76

7 = 4.03 ns’'kmm
Waveguide Dispersion

o  Waveguide dispersion is caused by the difference in the index of refraction between the
core and cladding, resulting in a “drag” effect between the core and cladding portions of
the power.

o Wavepuide dispersion s significant only in fibers carrying fewer than 5-10 modes. Since
multimade optical fibers carnry hundreds of modes. they will not have observable

waveguide dispersion,

The group delay {(twg) arising due to waveguide dispersion.
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Where, b = Normalized propagation constant
k =2x/ & (group velocity)

Normalized frequency V,

T [ | 2 '<"_?'_i'
¥ = Radydly — 1542
3 I-. il Iy

The second term

15 waveguide dispersion and 15 mode dependent term..

As frequency s a function of wavelength, the group velocity of the energy varies with
frequency. The produces additional losses (waveguide dispersion). The propagation constant (b)

varies with wavelength, the causes of which are independent of material dispersion,

Chromatic Dispersion
The combination of material dispersion and waveeuide dispersion is called chromatic
dispersion, These losses primarily concern the spectral width of transmitter and choice of correct

wavelength,

Aograph of elfective refractive index against wavelength illustrates the elfects of material,
fae)

chromatic and waveguide dispersion.

Material dispersion and waveguide dispersion effects vary in vary in opposite senses as the
wavelength mereased. but at an optimum wavelength around 1300 nm. two etfects almost cancel
cach other and chromatic dispersion is at minimuwm. Attenuation is therefore also al minimum

and makes 1300 nm a highly attractive operating wavelength,

FPage §%
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1500

WaralngT (el o

Fig, 264 Graph of sffective fractive index against wavalangth showing offncts of
chramatic, waveguide and matarial dispersion

Maodal Dispersion

As only a certain number of modes can propagate down the fiber, each of these modes carries
the modulation signal and cach one is incident on the boundary al a different angle, they will
cach have their own individual propagation times, The net effeet is spreading of pulse. this form

of dispersion is called modal dispersion.

e Maodal dispersion takes place in multimode fibers. [t is moderately present in graded
Index fibers and almost eliminated in single mode step index fibers.

o Modal dispersion is given by,

noLy &

where At modal = Dispersion
nl = Core refractive index
Z = Total [iber length
¢ = Velocity of light in air

A= Fractional refractive ndex

{N&IZ
2y C

ot medal =

The modal dispersion Atmodal describes the optical pulse spreading due o modal effects

optical pulse width can be converled to electrical rise time through the relationship.
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Signal distortion in Single Mode Fibers

The pulse spreading owg over range ol wavelengths can be obtained Irom derivative of

group delay with respect w A

5
T .-
- AT w
i — oy
e dd \
= L|D" WWE [-..*:L‘-.] |‘jl Fil
vidr...

2 ;
_ i 0]
cd gii e

Page 85




ACKN

Optical Fiber Communication

This s the equatior: for waveguide dispersion for unit length,

Example 2.6.3 : For a single mode fiber n2 = 1,48 and A = 0.2 %, aperatimg at A = 1320 nm,

compute the waveguide dispersion if

Solution : nz=1.4%
=132
A= 1320 nm

Waveguide dispersion is given by,

- s
Dosld)= v

_ —i48x02 —
~3wiecxiozg Y

= -1.943 picosec'nin . k.

Polarization Mode Dispersion (PMD)
Different frequency component of a pulse acquires different polarization state {such as
lincar polarization and circular polarization). This results in pulse broadening is known as

polarization mode dispersion {PMD).

PMD is the limiting factor for aptical communication system at high data rates. The

elfects of PMD must be compensated,

Pulse Broadening in GI ¥Fibers

The core refractive index varies radially in case of graded index fibers, henee it supports
multimode propagation with a low intermodal delay distortion and aigh data rate over long
distance is possible, The kigher order modes travelling in ouler regions of the core, will travel
faster than the lower order modes travelling in high refiactive index region. I the index profile is
carcfully controlled, then the transit times of (he mdividual modes will be identical. so

climinating modal dispersion.

The rons pulse broadening is given as

Page <=



Opunical Fiber Communication

¥

= i B R 172
e . Gt:‘:l:em:-:.ial,}

where,

Tigrenmadal — B MLS pulse width due to intermadal delay distartion.

|OECT2

Gurensodal = R.M.S pulse width resulting from pulse broadening within each wode,

The mtermodal delay and pulse broadening are related by expression given by Personick

= (2% — g 423172
D vcmvaodal = I:I,{Igf =3 '{Ti} )

Where 1g 15 group delay.
From this the expression for intermodal pulse broadening is given as:

LN o y x —:-2.1I

7 sy _ V=
wriermodal 2c

- f;—.j d 1 drg :':I
- = |
Tincramodat I:\ Fl ) ’t(’ 24 ] .E

Where oi is spectral widith ol optical source.

Solving the expression gives:

-
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Recommended Questions:

L. Bricfly explain material dispersion with suitable sketeh?
2 Give expression of pulse broadening in graded index fiber?.

3. Elaborate dispersion mechanism in optical [ibers?

=

Differentiate between intrinsic and extrinsic absorption? [May/June-2006, 4 Marlks|

5. Derive an expression for the pulse spread due to material dispersion using group delay
concept? [May/June-2006, 4 Marks, May-2007, 8 Marks)

0. Explain the significance of measure of information capacity? |[Mav-2007, 6 Marks|

7. Deseribe the material dispersion and wavegnide Dispersion? [Mav/iJune-2008, 6 Marls]

8. Discuss Bending Loss?| Dec/Jan-2008, 04 Marks]

9. Explain absorption losses? [May/June-2010, 6 Marks, Dee-2010, Guarks].

0. Deseribe attenuation  mechanisim? | Dee-201 1.6Marks, Dee-2012,6M arls]
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