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PART -A
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Unit-1
Overview of Optical Fiber communication
1. Historical Development

X Fiber optics deds with study of propagation of light through trangparent dielectic
wageguids. The fiber optics are used for transmissionof daa from point to" point
location. Fiber optic systens currently used most extensively aghe transmissionline
beween tarestrial hardwired systems.

x The carrier frequencies usgdconventional sstems had.the limitations in handlinmg the
volume ad rate of the da&a transmission. The geer the caier-frequency larger the
avdlable bandwith and informatiararrying cgpacity.

First generation

X The first geneation of lightwave sgtemsuses GAs samiconductor laserral operaing
region was near 0.8nu Otherspedfi caions of this'genation are as under:

i) Bit rate : 45 Mb/s
i) Repeder smang : 10 km

Second generation

i) Bitrate 100 Mb/s to 1.7 Gb/s
i) Repeder sf@aang : 50 km

iii) Operation wavelenip 1.3 um

iv) Seamiconductor : In GaAsP

Third generation

i) Bitrate : 10 Gb/s
i) Repeder s@aadng : 100 km
iii) Operaing wavelenth :1.55 um
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Fourth generation

Fourth generation uses WDMthnique.

Bit rate : 10 Th/s
Repeder smang :> 10,000 km
Operding wavelenth :1.45t0 1.62 pm

Fifth generation

Fifth geneation uses Roman amplificaion technique and optd solitiors.

Bit rate 40 - 160 Gb/s
Repeder smang : 24000 km - 35000 kKm
Operding wavelenth :1.53t0 1.57 um

Need of fiber optic communication

X Fiber optic communcaion system has emerged asnost important communcation
system. Compared to traditiohaystem because following requirements :

1. Inlong haulransmission sstem there is @ad of low loss tansmission medium
2. Trere is need of@mpad and-&ast weight tansmitersand redvers.

3. Ttlere is need oincresse dspan ofrénsmission.

4. Trere is'need-oincreased bitrate-distance podud.

x A fiber optic. communcation system fulfills these requirements, hence most widely
aaeption,

1.2 General Optical Fiber Communication System

X Basic block diagam of opticd fiber communcaion system consistsof following
important blocks.

1. Transmitter

2. Information channel
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3. Recaver.

Fig. 1.2.1 shows block diagm of OFC sgtem.

F——Information channel—{

Transmitter Receiver
1125 oo Db QS cinedher ; e R s o y
1 ' t '
) ; < S " m ;
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Textivideo : g g 7 /output
|}
1 ¥ )

Fig. 1.2.1 Block diagram of OFC systems

Message origin :

X Generaly message originis from a transducer that contsm non-eddrical message into
an eedrica signd. Common examplemcludemicrophones for @nverting sound wave
into currents and viae(TV) cameras ér conwerting images into current. For tetranser
beween compuers, the mesage is already in eleatd form.

Modulator :
X The modulator has two maigrictions.
1) It converts the etdrical message into the mper formad.
2) Itimpresses this signanto the wae generated by thearrier souce

Two distinct caegoriesof modulationare usedi.e. analog modulationand digital
modulation.

Carrier source :

x Carrier source generates the wavewhich the informations transmitted. This wave is
cdled the carar. For fiber optic sgtem, a laser diode (LDpr a light emitting diode
(LED) is used.They can be cdled as optic o<illators, they provide stable, single
frequency waves with $fiicient power 6r long dstance propagation.
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Channel coupler:

X

Coupler feds the power into thénformation channle For an atmospéric optic sytem,
the channel couples a lens usedof collimating the ligt emitted by the sourcend
directing this light towards the recever. The coupler must efficiently trander the
modulatedight beam from the souce to theoptic fiber. The channel coupler dsignis an
important @it of fiber system kecaise of possibilityf high losss.

Information channel :

X

The information channeis the pah baween the tansmitter ad recaver. In iber optic

communcaions, a glasor plastic fber is the channle Desirable charageristics of the

information channelinclude low attenuation and largeJight-acceptance cone angle.

Opticd amplifiers boost the power leleeof weaksignals. Amplifers’ are eededin very
long links to provide sificient powerto the recerer. Repgpaers canbe usedonly for

digital systems. They conert weak ad distorted optid signds to electrcd ones and
then regenerate the original disgl pulse tains for further transmission.

Anotherimportant property of the information channelis the popagationtime of the
wases travelling dong it. A signal propagang alang a fiber normally ontains arange of
optic frequenciesand divides its ‘power along severalray paths. This results in a
distortion of the propagatingsignd. In a /digital system, this distortion appeas as a
spreading and deforming..of the “pulse The sprealing is so grea that adjcent pulses
begin to overlap and become unrecognizableparate bits ahformation.

Optical detector :

X

X

The information-being transmittedis detedor. In the fiber system the optic wave is
conwertedinto aneledric current by a photodeedor. The current developedby the
detedor is proportionalto the powerin the incident optic wave. Detector output went
contains_theransmittedinformation. This detdor outputis then filteredto remove the
constant bigand thn amplified.

The importat propertiesof photodetdors are smell size,emnomy,long life, low powe
consumption, high sensitivity optic sign#s and fast responseo quick \arationsin the
optic pover.

Signal processing :
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x  Signal preessingincludes filtering, amplification. Poper filtering maxmizes theatio of
signal to unwanted powelor a digtal system decision aicuit is an additional block. The
bit error rate (BER) should be vergmall for qudity communcations.

Message output :

x The eédricd form of the massage emergindrom thesignal pracesor aredansormed
into a soudwave or visual image. Sometimes these signds are directly usablewhen
compuers or other rachines are coneded through ailber system.

1.3 Advantages of Optical Fiber Communications
1. Wide bandwidth

x Thelight wave occupies the frequencyange béwear 2 x 1012Hz to 3.7 x 1012 Hz.
Thus theinformationcarrying capability of iber opticcables:is much higér.

2. Low losses

X Fiber opticcables offers bery ks signal dtenuationover long distaoes. Typically it is
less than 1 dB/km. This enables longer distantedsn repeders.

3. Immune to cross talk

X Fiber optic cables has very highuimmunityp eledricdand magnetic field. $ce fber
optic cables are non-canductors of eledricity hencethey do not produce magnetic field.
Thus fiber optic cablesare immuneto crosstak between cablescause dby magnetic
induction.

4. Interference immune

x Fiber<optic ceble sar eimmuneto conductive and radiative interfererces caused by
eledrical noise sourcesud as lighting electic motors, flusescent lights.

5. Light weight

X As fiber cablesare madeof silica glassor plastic which is much lighter than copper or
aluminiumcables. Light weight fiber cableare cleger to transpdr

6. Small size

x Thediameterof fiber is much smeller comparedo othercables, therefore iber cabe is
small in size requires lessstarage space.
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7. More strength
x Fiber cabls arestronger and rugged hencen support more weight.
8. Security

X Fiber cables are more secutkan other cabk It is almost impossibl¢o tap, into a iber
cable as they do n otdiate signals.

No ground loops exist beeen opticd fibers hencéhey aremore secures
9. Long distance transmission

X Becaujseof lessattenuation ransmission at a longer distance«is possible.
10. Environment immune

X Fiber cdbes aremore immuneto environmental exémes. They canoperde over a lar@
temperaure \arioations. Also theyre not éfected by caosive liquids and gase

11. Sage and easy installation

X Fiber cables are dar andesasier to instdl \and maintain. They are non-condutors hene
there is no shock haards asn@'current or voltageis assaiated withthem. Their small
size and light weight feare makes.instkation eaier.

12. Less cost
x Cost of fber optic 'sgtem is less compated to any other syste
1.4 Disadvantagesof Optical Fiber Communicaitons
1. High initial cost
X Mhe'intid cost of instdation or setting up cost is very high comparediitoter systm.
2. Maintenance and repaiding cost

x The maintenancend repaiding of iber optic sgtemsis not only difficult but expensive
also.

3. Jointing and test procedures
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x Since optcd fibers areof very small size. The iber joining procesis very constly and
requires skilled manpower.

4. Tensile stress

x Opticd fibers aremore suseptible to buckling, bending ad tensilestressthan coppe
cables. This leadesto restricted pratice to use optd fiber tednobgy to_gremises and
floor backbones with a few interéas to the oppercables.

5. Short links

x Eventhough optd fiber cdbes are inexpensive,it is still not'cost effectivao replace
every smell conventional conredor (e.g. betweencompuers and penpherds), as the
price of optoekdronic transdaers are very hid.

6. Fiber losses

x The amountof opticd fiber avalable to the photodegdor at the end of fiber lengh
depends onarious fiber losses sii@s scatering, disgersion, dtenuation and reflection.

1.5 Applications of Optical Fiber Communicaitons

x Applicaions of opticd fiber cammuncaions include telecommuncaions, dda
communcaions, vide control and pradion switching sensors and power apptetions.

1. Telephone networks

X Opticad waveguide has lowtgenuation, high tansmission bandwidthoempatedto coppe
lines, therefore humebrs of long hail co-axial trunks I;links ki@veen telephone exchanges
are beingreplaced byopticd fiber links.

2. Urban broadband service networks

X Opticad waveguide povidesmuch larger bandwidthbhan co-axialcadbe, also the numibe
of repeaersrequred is redeed consideably.

X Modem suburban communcaions involves videotext, videomnferencing
videotelephony, switched broadband comnuation network. All these can be supplied
over asingle fiber optic link. Fber opticcdbes is the solutiomo mary of todays high
spedal, high bandwidth da communcation problens and will continueto play a larg
role in future telecom and data-contwerks.
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1.6 Optical Fiber Waveguides

X In free s@ce light ravels as its maximum possibspeal i.e. 3 x 16 nmv/s or 186 x 18
miles/®£c. When light travds through a magral it exnibitscertain behavior eplaned by
laws of refedion, rdraction.

Electromagnetic Spectrum

x Theradio waves ad light are eedromagnetic wavg Therate at which theyleemae in
polanty is cdled ther frequency (f) mesured in hertz (Hz). Thespeed of etdromagnetc
wave () in free spacés approxmately 3 x 16 m/sec The distanceravelled duringeath
cycde is cdled as wavelength.

Speed of light ¢

Wavel hid) = -
avelength (2) Frequency f

x In fiber optics, itis moreconveni@t to usethe wavelengh of light instead of the
frequency with light fequencies, wavlengfth is‘eften'stated ircrons or nanomets.
1 micron (1) = 1 Merometre (1% 18)
1 nano ) = 10° metre

Fig. 1.6.1 shows ettromagnetic frequency ggrum.

Violet 400 nm

16
10 Hz

18
10 Hz

20
10 Hz
22
2 10 Hz
10 Hz
Low frequencies High frequencies

Fig. 1.6.1 Electromagnetic spectrum
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X Fiber optics uses visiblend infrared light. Infraed light covers afairly wide range of
wavelengthsand is generallyused for all fiber optic commurgaions. Visible light is
normally used Pr very dort range transmission using a plasticeib

Ray Transmission Theory

x Before studying how théght adually propagateshrough the iber, lavs goveming the
nature of light m ust be studiedlhesewas c#led adaws of optics (Ray theory). There
Is conception that light always tavels at the samepeeal. This factis simply not'true. The
spedl of light depends upon the mater@ mediumthrough whichit is-moving. In fre
space light travels at its maximum possiblgpeed i.e. 3 x 108 m/®r 186 x 103 mileskx
Whenlight travels through a materialt exhibits cetain behavior.eglained by lavs of

reflection, refadion.

Reflection

x The lawof refledion statesthat, when alight rayis.incident upon a reflectivesuface &
someincident ande €1 from imaginary pérpedicular normd, the ray wil be refeded
from thesuface at some ang#, from normawhich’is equal to the afgof inciderce

Fig. 1.6.2 shows law of redtion.

Mormal to reflective surface

7

M,

Incident 94 fe— Reflected ray

ray

™\ Reflective surface

Law of reflection £ = £¢,

Fig. 1.6.2 Reflection

Refraction

x Refraction acurs when light ray pass fom one mediumo another i.e. thdight ray
changes itslirection at mterface Refractio occursvhenever density of medium changes.
E.g. refraction occurs atimand water inteface the straw in a glassof water will appea

as it is bent.
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Therefractioncan also dserved at @ and glass interfee

X When wave pases through less densemedium to more densemedium, the wave is
refraded (bent) towards thaeormal. Fig. 1.6.3 shows thefraction ph@omena.

x The efradion (bending) takes place because lightdis at diferent sppedin different
mediums. Thesped of light in freespace is highethan in water or giss.

Normal
1

Incident ray

L Less dense mediumfair ]

Fig. 1.6.3 Réfraction

Refractive Index

x The amountof refraction or bendingthat/occurs atthe interface of two materals of
different densitiesis usually. expesed as efradive index of two matrals. Refractive
index is also knownsindex of refraction and is denoted hiy.

X Basedon maternal density; theefradive indexis expgresed as the ratiof the vdocity of
light infreespace to the vecity of light of the dieédric materal (substane).

speed of light in air C

Refractive ind = =
QO Speed oflight in medium v

The refractive index 6ér vacuum and air os 1.0 or waterit is 1.3 and for glass refractive
index is 1.5,

Snell’s Law

X Sndl’s lawstates how lifpt ray reads whenit meds the inteface of two media having
different indexes ofafraction.

X Let the two mdias have refdive indexes nlrd n, where ny >np.
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@L and @2 be the angles of incidence and angk of refradion respedively. Then
acording to Sndl’s law, arelationship exists beveen the rigactive indexof both magernals

given by,

n; sind, = n; sin §,

... (1.6.1)

X A refractive index modefor Sndl’s law is shown in Fig. 1.6.4.

Normal Medium - n,

!
¢y !
1
1

Incident ray : f
i
i

Fig. 1.6.4 Refraétiveimiodel for Snell's law

x Therefracted wae will be towards thenormal when a< n, and will away fromit when
N> .

Equation (1.6.1¥an be written as,

ny /(/sin g

s sin Ell

X This‘eguationshows that the ratio of refradive index of two mediums isinversely
proportional to theefractive and in@ent angls.

As refragive indexn, = = ad n, = = substitutinghesevaues in equation (1.6.2)

z

c/vy Sindg

c/vy sing,

v, sing,

~ sind,

e
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Critical Angle

X When the arlg of incidence ) is profressively inaeased,there will be progressive
increag of refractive ande (€»). At some condition €,) the refractive arlg (@)
becomes 90oto the normd. When this happens thefraded light ray travds along the
interface. The anglef incidence (@) at the point at which theefractive ante (@)
becomes 90 is cdled thecriticd angle. It is dacted by€x.

X The critical angle is defned as the minimum alegyof incidence @) at*which the ra
strikes the inteace of two media ad causes an agnte refraction @) equalto 9¢°. Fig
1.6.5 showsriticd ande refradion.

Incident ray o

Nor'mal Less dense mmi
3 2 <

4 Q

@1 ‘_"1)(:

“Fig. 1.6,5 Critical angle
Hence acriticd ande €= € and€, = 9¢°

Using Sné’s law : n Sin @1 =1, Sin @y

sind) = —= sin90°
sin90® =1
Therefae, sin'o_ = :—:
Critical angle §_ = sin™! (z—f) ... (1.6.3)
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x The atual valueof critica ande is depadent upon combinationof materids present on
ead side of boundary.

Total Internal Refleciton (TIR)

X When theincident ande is increase dbeyond the critid angle, thdight ray does not =5
through the inerface into the other mediunThis gves theeffed of mirror exist at the
interface withno possibility of light exeping outside the medium. In this-.condition kng
of reflection @) is equalto ande of incidence €,). This adion_is cdled asTotal
Internal Reflection (TIR) of the bean. It is TIR that lealsto the propagation of wase
within fiber-cable medium. TIR caibe observed only in matrals in which the véocity
of light is less than in air.

X The two conditionsecessary ér TIR to accur are :

1. The efradive index of first medium musbe greaterthan the ré&active ndex of second
ore.

2. The anfg of incidence must be geerthan (or. equalto) theritica angle.

Example 1.6.1 : A light rayis incident frommedium-1to‘medium-2. If theefractive indces of
medium-1 ad medium-2 are 1.5ma 1.36 respedively then de¢mine the anlg of refraction for
an ande of incidence of 38

Solution : Medium-1 nl1 =4.5
Medium-2,n2'=1.36
Angle of incidence@r = 30.

Angle of incident € ="

Snell'slawsiny sindy = ns sind,

1.55in30° = 1.36 sind,

sin ¢, = 75¢sin30°

sing, = 0.55147
0, = 3346°
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Angle of refraction 33.48from norma ... Ans.
Example 1.6.2 : A light ray is inédent from glassto air. Calaulate the criticd ande (€x).
Solution : Refractiveindexof glass n= 1.50

Refrative indes ofian, = 1.00

Snell'slaw : ny sing, = n; sindg,

o
sing, = n— sin g,
1

From cefinition of critica angle €,= 9¢° and €@, = €x.

I~
sin 4, = —sin 90¢
17 h

1.0
sin §_ = (—) x1 =04,7

15
¢, = sin~? 0.67
o, = 41.81°

Critical angle ¢_ = 41.81°
Ans.

Example 1.6.3 : Calalate the NA; aceptance angleral criticd ande of the iber having n
(Core rdractive index) =-1.50 anafractive indexof cladding = 1.45.

Soluiton : n; =450, 1 = 1145

A (ny =n;)  150-145 0035
“o(n) 150 7

Numericalaperture, NA = n, /24
NA = 1.50+4/2x0.033
NA = 0387

— =1
Acceptance angle ¢, sin™* N&
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0, = sin~10.387

0, = 22.78"°
Critical angle ¢_ = sin™? —
Iy
o _ et 1
e = sin 'llsﬂ
b = 75.2°

Optical Fiver as Waveguide

x An opticd fiber is a cylindrcad dieledric. - waveguide capable of conveying
eledromagnetic waves at opdl frequencis. The electomagnetic enegy is in the form
of the light and propagatesalong the axs of the fiber. The structural of the fiver
determines the tansmission caracteristics.

X The popagationof light along the‘waveguide-dedded by the modesf the waveguids,
here mode meanspath. Each .mode has distict patem of eledric and magneticfield
distributions along theilder, length.Only‘few modescan satisfy the homogeneous wave
equationin the fver also the boundary condition a waveguide€ases. Whenthere is
only one pah for light'to follow thenit is cdled as sing mode propagéon. Whenthere
is morethan one path then.it cdled as multimode ppagation.

Single fiber structure

X A single ther strudure is shownin Fig. 1.6.6. It consistef a soliddieledric cylinder
with“radius ‘@ This cylinder is cdled as core of fiber. The core is surounded by
dieledric, cdled cladding. The indexof refradion of core (glasfiber) is slightly greate
than the indexf refradion of cladding.

If refractiverindexof core (glassiver) = n
andrefractive indexof cladding = n

then n > n,.

External
coating

ORI R K G oy i

~$:3 Cladding

SR
‘AL‘AL“A“ Lo
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Propagation in Optical Fiber

X To understand the geneal naure of light wave propagationin opticd fiber. We fir st
consider the constrtion of opticd fiber. The inrermost is the glas core of very thin
diameter with a sligt lower rdractive index n2. Théght wave can popagate along such
a optcd fiber. A single mode mpagationis illustratedin Fig. 1.6.7 &ng with standard
size of fiber.

s Ckad.dir:g 2

- ; Claddmg. e e
Light e s KR SRS
12y N b et QU 7Y

g RSl EL ] — — — — = ==
#50 0 Cladding 2020 e

A
1
f
\
|
1
T
I
I
i
I
[}
i
i,

1
1
1
|
1
1
1
]
1
1
1
1
1

125 ym
1

Fig. 1.6.7 Single mode propagation dnd standard size of fiber

X Single mode ers are capablef carying only onesignd of aspecific wavelength.

X In multimode popagation thdight‘popagate along the fiberin zigzag fashion, provided
it can undergo total intermaeflection (TIR) at the core cladding boundarie

x Total inemd refledion at the iber.wdl can occuionly if two conditions are satisfied.

Condition 1:

The indexof refradion of glassfiber must be slightly greaténan the indexf refraction of
material surounding theiber(cladding).

If refractive indexof glasfiber = n

andrefractiveindexof cladding = n

thenn > m,.

Condition 2

The ande of incidence ,0f light ray musbe greaerthancriticd angle @).

X A light beamis focused at onengl of cable. The lidnt enters the ibers at differat angles.
Fig. 1.6.8 shows the conditions exist at thentdning end of optic fber. Thelight soure
is surounded by & and herefractive indexof air is ny = 1. Let theincident ray makes an
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angle€y with fiber axis. The rayrgers into glasfiber at point P making refracted angle
€. to the fber axis, the rays then popagated diagnally down the core andeflect from
the core wh at pointQ. When thelight ray refleds off the inner suface, the ang of
incidence is equal to the anglérefledion, which is greatathancriticd angle.

x In order br a rayof light to propagdae down thecable, it must strike the core cladding
interface &an angg that is greatethancriticd ande ().

Fiber axis

External ¢
angle of
incidence

Incident
ray

Source-fiber
interface

Fig. 1.6.8 Ray propagation by TIR

Acceptance Angle
Applying Sndl’s law to extmal inddence agle!
Ny SIN@y = N, SN @y
But €. = (909
sin @, =/sing (90 @) = COS@:
Substituting sif@, in above equation.
No.SiN @y =1y COS€r

gin ¢1: = %cos EI)E
o

Applying Pythagoreathearem to APQR.

—=
_wng— n3
cos § = ——
ny
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[a2 2
. _ Iy |y iy — N3
sm%———
LT ny
2 )
, _|wRy — 13
smE]}D— n—
)

. —q |V T D3
':I}E. =szgin t|—
Mg,

The maximum valuef extemal inddence anfg for which light will propagate in the

fiber.
T\ R \
. = 5l — v/
EI}I]-Lma_':c} \ n,

When thelight rays enters theivers from an ar medium g = 1. Ther above equation
reduces to,

|
— i o—1 2 _ 2
EI}DI:m ) = sin ‘\-ll ni — nj

The ande € is cdled asacceptance angle and q}urmu} defines the maximum angla

which thelight ray may inment on foer to propagate down thioér.

Acceptance Cone
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X Rotating the acceptan@nde d}mmm around the fiber axis, a coneshaped patem is

obtaned,it is caled asacceptance cone of the fber input. Fig 1.6.18hows formationof
aaceptance cone of @er cable.

Fiber cable

Acceptance
cone

Fig. 1.6.10 Acceptance cone of a fiber cable

x The Coneof accetanceis the andg withinswhichsthelight is acceted into the core and
is ableto travel dong the fiber. The launchingf light wave beomes easier for large

aaeptance @me.
x The angle is measued from the axis of the positive cone so the total angle of

convergence is &aally twice thestated value.

Numerical Aperture (NA)

X The numerical aperture (NA) of a fiberis a figureof merit which represents itdight
gatrering capability. Larger the numerical apeture, the greaer the amount of light
accepted byiber«The @&ceptance anlg also detrmines howmuch light is ableto be
enter thedber and hencethere isrelation béween the nuericd apeture and the cone of

aaceptance.

Numericd aperture (NA) = sin¢rm,mu}

————=

fny — 15

W 2

NA:—
Iy

For ar n=1

= 5
ONA = /ni — n3
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core niladdi.uﬁ
N ... (1.6.4)

Hence aceptance anig = sin* NA

By the formulaof NA notethat the nurarica aperture is effectively depadent only on
refradive indices of core and cladding matdal. NA is not a finction of fiber dimension.

x The indexdifference () and the nunericd apeture (NA) are related to.the coreral
cladding indics:

A= n;z? (1.6.5(a))
A NAZ
~ 2n? ... (1.6.5 (b))
Also
A

NA = ||ni — n3
A

NA = (n? — n3*°

NA = n [2A)4

Example<.6.5 : Calailate the numecd aperture and aceptance anig for a fiber cableof which
Neore= 1.5 and, Qagding= 1.48. The lanching takeplace from air.

Solution: || .
NA = J‘JI n; - n:lﬂddlug

core

= 2
NA =-+/1.5° — 1.48°

NA = 0.244 ...Ans.
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=1 (g2 a2 — mim—1
Acceptance angle - sin Jnmm Ntadaing = SN~ NA

Acceptance anlg = sin* 0.244

€ =1412° ...Ans,

Types of Rays

x If the raysare launched within coreof acceptancecan be suceessiilly propagated Bng
the iber. But the ead pah of the ray is detrmined by the positionral angleof ray at
which it stikes the cce.

There exists thee different types of ray
i) Skew rays i) M eridiond rays i) Axial rays.

X The skew rays does not pssthroughithe iceter, as showin Fig. 1.6.11 (a). Thekew
rays refeds off from the core cladding bouades ‘ad agan bources around the outside
of the core. It takes sowwbat similarshapeof spral of hdical path.

Rajipath projested
rmal

{ | onto a'plane normal /
\ N o\ Fiber-length ——=

(a) Skew rays'de not
cross the fiber
axis but zlg-zag
arotind\the axis
.,

.'(li},”gyigional rays
‘always cross
the fiber axis

(c) Axial rays

Fig. 1.6.11 Different ray propagation
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X Themeridional ray enters the coreral pasesthrough its axis. When the corerface
is pardlel, it will always be reflectedto pass through the ater. The meridional rays
shown in fig. 1.6.11 (b).

X Theaxial ray travels along the ais of the fber and stays at the dg al the time. It is
shown in fig. 1.6.11q).

Modes of Fiber

X Fiber cables cd also be classified asper their mode. Light rays propagée as an
eledromagneticwave along the fiber. The two componentsthe eledric. field-and the
magnetic field form patems acioss the fiber. These patems are cadled -modes of
transmission. Thanode of a fiber refersto the numbeiof paths ér thelight rays within
the cable. Accordingto modes opticibers can be clasfied into two typs.

i) Single mode iberii) Multimode fiber.

X Multimode iber was the fst fiber typeto be manufactured-and commerciéized. The
term multimode simply referso the factthat<rumerous modeslight rays) are carried
simultaneouslythrough the wavegiide. Multimode fiber has a much larger diameter,
compared to sirlg mode foer, this allows'large numb@f modes.

X Single mode iber allows popagationto light ray by only one path. $hgle mode ibers
are best at retaining the idelity of‘eadh light pulseover longer distance alsthey do not
exhibit dspersioncaused by multiple mode

Thus moranformation can berénsmitted per uniof time.
This gves singe mode fiber higher bandwidth ogared to multimodeilber.

X Some disdvantagesof singe mode iber are smider core diameter makes coupling
light into the core'more difficult. Precisionrequired for single mode conredors and
splices are more demading.

Fiber Profiles

X A fiber is’ charadrized by its prafe and by its core and cladding diameter
X One’wayof classfying the fiber cabless accordingto the index profile atilber. The

index profile is a gaphicd representation of value of refractive index eross the car
diameer.

X There are two basic typesf index proiles.

i) Step indexiber. i) Graded index iber.
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Fig. 1.6.12 shows the index pilefls of fbers.

Step Graded
Fig. 1.6.12 Index profiles

Step Index (SI) Fiber

X Thestep index (S) iber is a cylindrcd waveguide core withcentral or inner core has
a uniform rdractive index of n, and the coreis surounded byouer cladding with
uniform refadive indexof n,. The claddingrefractive index (p) is less than the cer
refradive index (n). But there is an abrupt changa the refractive index at the cer
cladding inteface Refractive index prafe of step.indexed optd fiber is shownin Fig.
1.6.13. The reactiveindexis plottedonhorizontal axs and radial distancdrom the core
is plotted on erticd axis.

Y

Fiber
axis

2a

Slafdipg(na) == N i - an e NG
1 L A i
o™ /Fiber length —>
ny>n
o _2 Cross-sectional
Refractive £avs
index profile

Fig. 1.6.13 Step index fiber

X The popagation oflight wave within the coreof step indexiber takes the path of
meridiond rayi.e. ray follows a zigzag path ofstraight line segments.
The core typidly has diameteof 50-80 ym and the cladding has a diamed&l 25 pm.
X Therefractive index profile is dfined a—

B {nl whenr < a (core)
n(r) = |n, whenr = a (cladding)
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Graded Index (GRIN) Fiber

X The gaded index iber has a core madeom many layers of glass.

X In thegraded index (GRIN) fiber therefractive indexis not uniform wthin the coe,
it is highest at the cater and decreases smoothlyé@continuously with distancewards
the cladding. Theefractive index profileacioss he core takes the parabolictoee. Fig.
1.6.14 shows refidive index profle of graded index iber.

Fiber
axis

28| e

Cladding (n,)

Fiber length —=

: Refractive Cross-sectional
index profile view

Fig. 1.6.14 Graded index fiber

X In graded index iber thelight waves are b by refradion towards the core as and
they follow the curved path downthe fiber length. This results becauseof charge in
refradive index as moved away from thenter of the core.

X A graded index iber has'lower.coupling efficieg@and higher bandwidth than tretep
index fiber. It is avalable in.50/125 and 62.5/125sizes. The 50/125 fiber has been
optimized for long_haul applicaions and has a snmaeller NA and higher bandwidth.
62.5/125 iber is_optimized .br LAN applcaions whichis costing 25%more than the
50/125 ther cable.

X Therefractive index ariation in the coreas giver by relationship

; I, O
ny (1 —Eﬁ(g) ) whenr < a (core)

1
n, (1= 28)2 % n, whenr = a (cladding)

n(r) =

where,
r = Radial distanc&om fiber axs
a = Core radius

n = Refractive indexf core
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X

n, = Refractive indexf cladding

a = Shapeof index profie.

Profile parametes. detemines the chracternstic refractive index prae of fiber core.

Refractive index (n(r))

R Core

axis

Therangeof refradive index as &nation of o is shown in Fig. 1.6.15.

Radial distance (r)

Fig. 1.6.15 Possible fiber refractive index profiles for different values of o

Comparison of Step Index and Graded Index Fiber

Sr. No. Parameter Step index fiber Graded index fiber
1. Datarate Slow. Higher
2. Coupling efficiency| Coupling efficiency with iber | Lower coupling &iciency.
is-higrer.
3. Ray pah By total inemd reflecion. Light ray travds In
oillatory fashion.
4, Index \aniation gt _ nf—nj
1y 2nj
5. Numericd aperture | NA remains same. Changes continuously wit
distancefrom fiber axis.
6. Material used Normally plastic or glasss | Only glass is préerred.
prefared.
7. Bandwidth 10— 20 MHz/km 1 GHz/km
efficiency
8. Pulsesprealing Pulse spealing by fber | Pulsesprealing is less
length is moe.
9. Attenuation oflight | Less typicdly 0.34 dB/km at| More 0.6to 1 dB/km at 1.3
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1.3 pm. pm.

10. Typical light source| LED. LED, Lasers.

11. Applicaions Subgriber local netvork | Local ad wide area
communcetion. networks.

Optic Fiber Configurations

X Dependingon therefractive index prafe of fiber and modesof fiberthere existthree
types of optichfiber configurations. Theeoptic-fiber configurationsare -

I) Single modestep index iber.
i) Multimode step index filer.

iif) Multimode graded index iber.

Single mode Step index Fiber

X In single mode step indeibér has a adra corethatis sufficiently small sothatthere
is esentially only one pth for light ray through hecable. The lidht ray is ppopagated in
the iber through refedion. Typical coresizes are 20 15 pm. Single mode iber is also
known & fundamental or monomod#eér.

Fig. 1.6.16 shows sifgmode fber.

}r

20 ,.JJ;
) T

& !

&— Coce |
ny ¢ i
| 3
Fig. 1.6.16 The refractive index i smgle mode
profile and ray transmission in =
index fiber s - g

X Single mode iber will pemit only one mode to propagde and does notsufer from
mode delayiffererces. Theseare pimarily developed ér the 1300 nm window bubhey
can be alsobe usedeffedively with time division multiplex (TDM) and wavelengh
division multiplex (WDM) sgtems opegting in 1550 nm wavelength region.

X The core iber of a single mode iber is very narow compaed to the wavelenth of
light being usedTherefae, only a sinde pah existsthrough the cable corethrough
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which light can travel. Usually, 20 pesent of the light in a sinde modecable acually
travels down the cladding ral the dfective diameterof the cable is a blend of single
mode core ad degredo which the cladding carridgght. Thisis refered to as the‘'mode
field diameer’, which is larger than physical diameterof the core dependingon the
refradive indices of the core and cladding.

The disadvantage of this type of cable is that becaise of extremely, small size
interconredion of cables and interfacing with sorce is difficult. Another disdvantageof
singde mode fibers is that as the refradive index of glass decreaseswith optica
wavelength, thdight velocity will also be wavelengh dependent. Thus thight from an
opticd transmitter will have definite spedral width.

Multimode step Index Fiber

X

Multimode step index fiber is more widely used type. lis easy to manufature. Its
core diameteis 50 to 1000 umi.e. large agrture. and allows more light to enter the
cable. The lidt rays are pypagated down the cona.zig-zag maner. There are man
many paths that laght ray may follow during the ppagation.

Thelight rayis propagated using the {ociple of total inemal refedion (TIR). Snce
the core indexf refragion is higherthan the cladding indeaf refraction, thdight enters
at less thacriticd angle is guidedlang the fher.

Refractive index
n(r) L oy PP AN TRl Rt et -

’ Core
z / / Cladding,

Ny

Fig. 1.6.17 TIR in muitimode step index fiber

Light rays passinghrough the iber are continuouslyefleded off the glas cladding
towards the catre of the core at dferent angls and lengths, limitingpverall bandwidth.

The /disavantage of multimodestep index ibers is that thedifferent optica lengths
causedby variousangles atwhich light is propagatedelative to the cae, causesthe
transmission bandwidth tbe fairly small. Because of these limitations, multimodestep
index fber is typcdly only used in applicationsequiring distares of lessthan 1 km.

Multimode Graded Index Fiber
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X The coresize of multimode graded index fiber cable is varyingfrom 50to 100 pm
range. The lidnt rayis propagatedhrough therefraction. Thelight ray eners the fber at
many different angles. As the light propagatesaciossthe core toward the center it is
interseding a less denseto more densemedium. Therefore the light rays are being
constatly being efraded and rayis bending continuously. This cabkmostly used for
long distance communication.

Fig 1.6.18 shows multimode@led index iber.

Refractive index :

() N, A :
N

n1>2_ Claddi
- adding (

Core

Fig. 1.6.18 The refractive index profile and ray transmission in a multimode graded
index fiber

X The light rays no longer follow: straight lines, they follow a serpentingpah being
gradually baet badk towards thecenter by the continuously declining refractive index.
The modedravelling in_a straightiline-are in a higher refradive index so they travel
slower than the serpentinemodes./This reducesthe arrival time disparity because all
modes arrive at about the sz time.

X Fig 1.6.19 shows thikght trgjedory in detail. Itis seen that light rays running closto

the fiber axis with sharterpath length, will have a lower velocity becausethey pass
through a‘region with-a higrefractive index.
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n, +3 \-L Cladding |

&
/? ~ Cladding }

Fig. 1.6.19 Light trajectories in a graded index fiber

X Rays on core edgesfbersreduced r&activedindex,-hencadvel more fester than axia
rays and cause theight componentso take saneramountof time to travel the lengh of
fiber, thus minimizing dispersion losses. Eadh pah at a different angle is termed as
‘transmission modeand the NA of graded indexilber is defined as the maximum value
of acceptance arig at the iber axis.:

X Typical atenuation cod icients of graded indexibers at 850 nmare 2.5to 3 dBkm,

while at 1300 nm they are'1.0 to:1.5 dB/km.

The main dvantages‘of graded indeiber ae:
Redeed refradive’index at theentre of care.
2. Comparatively cheap to proohi

!—‘><

Standard fibers

Cladding Core
Sr. No. Fiber type diameter diameter A Applications
(um) (um)
Single mode 0 o, 1. Long distance
1. (8/125) 125 8 0.1% to 0.2% 2. High dataate
Multimode 0 o. | 1. Short distance
2. (50/125) 125 50 1%102% |5 | ow daarae
Multimode 0 0
3. (62.5/125) 125 62.5 1% to 2% LAN
Multimode
0 0
4, (100/140) 140 100 1% to 2% LAN
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1.7 Mode Theory for Cylindrical Waveguide

X To analyze the optd fiber popagation nechansmwithin a iber, Maxwdl equations
are to solve sul®d to the cylindrical boundary conditions atreeladding inerface The
core-cladding boundary conditions lead to coupling of electic and magnetic field
componentgesulting in hybrid modes. Hence the analysisf opticd waveguideis more
complexthan metdic hollow waveguide analysis.

X Dependingon the large E-field, the hybrid modesare HE or EH modes. The two
lowest order dogare HE; and Th;.

Overview of Modes

X The orderstates the numbeof field zeros across the gidesThe edric fields are not
completey confined within the core i.ethey do not gdo zero at core-cladding intéace
and extends into the cladding. The low order modefiaes the adric field nea the
axis of the iber core ad there is lesspenetation.into.the cladding. While the high order
mode distribute the fieldowards the edgeof the core iber and penetrationsnto the
cladding Therefore cladding modealso appa resulting in power loss.

X In le&ky modes the fieds are confined partially in the iber core #enuated as the
propagde along the iber length due toradiation’and tuheéed.

X Thereforein orderto modereman guided, the prpagation facto must satisfy the
condition

nk < B < nik

where, n, = Refractiveindexof fiber core
Ny = Refractive indexf cladding
k = Piopagation constant =n2 A

X The cladding is used toprevent scatering loss that results from core material
discontinuities. Cladding alsamproves the mechacdl strength of fiber core ad reduces
suface contenination. Plastic claddingg commonly used. Matials used ér fabricaion
of opticd fibers are silicon dioxide (Sig), boric oxide-silica

Summary of Key Modal Concepts

X Normdized frequency variable, V iefihed as
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2m a(ni — 11%}”2

A .. (1.7.2)

v

where, a = Coraadius

A = Freespace wavelenth

V=N
A Since (nf — n%)¥? =NA

(1.7.2)

X The total numbeof modes in a multimodelder is«@ven by

1 72ma 2
M=3(5) @i-nd

1 [Zﬂa 2 _ P

=2 M T
M= [?.NA]‘ ’d’ is core diameter
(17.3)

Example 1.7.1 : Calalate<the numbeof modes of an opté fiber havingdiameterof 50 pm, iy
=1.48,n=1.46 ad L =0.82 m.

Solution : d=50pm
n=1.48
n, = 1.46

A=0.82pum

NA = (nf —nd) V2

NA = (1.48 — 1.46)'?

NA = 0.243
CITSTUDENTS.IN
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Numberof modesare given by,

M——[ﬂ—d N!—'i:|:
= 1

1 [’rr (50X 107¢%)

~ 2| 082x10°°

3 10.243}

M = 1083
...Ans.

Example 1.7.2 : A fiber hasnormdized frequency V = 26.6nd the operting wavelenth is
1300nm. If theradius of hefiber core is 25 pum. Compute the rerodaperture.

Solution : V =26.6
A = 1300 nm = 1300 X 1Om

a=25pum=25X Ibm

A
NA=V.—=—
2ma

1300 X1077

NA =266
27X N 25X 107

NA =0.220 ... Ans.

Example 1:7.3 . A muitimodestep index iber with a core diametesf 80 um ad a relative
indexdifferenceof 1.5 %is operating at a waveletigof 0.85 um. If the corerefractive indexis
1.48, estimte thenormalized frequencyolr the fiber and numbef guided mods.

[July/Aug.-2008, 6 Marks]
Solution : Given : MM step index iber, 2 a =80 um
@Coreradians a= 40 um
Relative indexdiffererce A = 1.5% = 0.015
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Wavelength) = 0.85um
Corerefractiveindex, n1 = 1.48
Normdized frequency, V = ?

Numberof modes, M = ?

Numericd aperture | NA = n, (2A)1/2

= 1.48 (2 X 0.015)

= 0.2563
Normdized frequencys given by,
v,
= N&
2m X 40
V= x0.2563
0.85
V =75.78 ... Ans.
Numberof modes is yen by,
YV
2
M= 2570 _ 587150
«..Ans;

Example™1.7.4 ¢ A step index multimode fber with a nunericd aperture of a 0.20suppots
approxmatelys1000 modgat an 850 nm wavelength.

i) What is thediameterof its cae?
i) How many modes dadhefiber support at 1320 nm?
i) How many modes dagthe fiber support at 1550 nm? [Jan./Feb.-2007, 10 Marks]

Solution : i) Numberof modes is yen by,

M_1FEN4=
T2l
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1 Ta 2
1000 = — [—_ X EI.ED]
2 lgs0 X107

2000 = 5.464 X a*

a =60.49 pm ... Ans,

1[nX60.49 X10°¢ :
- 0.20

2| 1320x10°°

M = (14.39§ = 207.07 ... Ans.
i)
_ i[nxe49xK107° .
M= E[W X 020] / ... Ans.
M =300.63 ... Ans.

Wave Propagation
Maxwell’s Equations
Maxwell’s equation ér non-conduging medium:

VXE=-0B1

VXH=-0D/

where,
E and H are elecdtr and magnetic field vetors.

D and Bare corresponatg flux densities.
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X Therelation betveen flux densities and fled \edors:
D=¢E+P
B=pH+M
where,
€p IS Vaauum pemittivity.
Mo is vaauum permeadbility.
P is indwed ekedric polarization.
M is induced magnetic plarization (M = 0, 6r non-magnetic silica glass)
X P and Eare related by:

P(r, t) =& _Ir_c'; X (rt —t"E (r.t)dt'

Where,
X is linea suzeptibility.
X Wave equation:

M UNE— —1 d%E 3°F
RVEET agome Mo 5a

Fourier transform of EAr, t)
Efriw)= J- E(r,t)e™" dt

-
e

- [
VEVxE= —e(rh@)—=L
o2
where,
_( . il::t::)2
s=In Zm

n is refractive index.
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a is absorption coefficidn

n=1/(1+ R0

()1

X Both n &ad a are frequency depelent. The frequency depdenceof n is.cdled &
chromatic disgersion or magrnal dispersion.
X For step index iber,

VxVxE= v(V.E)- V2. E= —V*E
Fiber Modes

Optical mode : An opticd mode is a spedfic solution'of the'wave equationthat satisfies
boundary conditions. e arethree types ofiber mods.

a) Guided mode
b) Leaky modes
C) Raliation modes
X For fiber optic commuraation system guided modés sued Pr signal transmission.
Consicering astep index iber with coreradius ‘a’.
The cylindrcd co-ordinate p, @andcanbe used toepresent boundary conditions.
9*E, 1 JE

i d*E, °E, -
+ n'kiE. =0

1
dp? Pl dp pE a¢* = 0z°

X Therefractive indexin’ has véues

_{nl: Piﬂ
n,; p:‘-‘*ﬂ.

X The ‘general solution®ff boundary conditiorof opticd field under giided modeis
infinite’a p =0 and decay to e at p = e . Using Maxwi’s equationin the core

region.
[ (ﬁﬂﬁz_i_ w ﬂﬁz)
=_,., —_— F _—,—
B p?\Uap a0
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i(ﬁaEg SHH)

=_,., —_ —p:_ ,—

Poptpade 7 dp
g = i ( dE, zmaHz)
T TR,
; ,@aa;Jr . OH_
—— T T w —/—
HQ=F pdp  ° dp

X The cut-off condition is defined & —

—
V= kﬁa#l (n —ni)

27 —
V= (T) c:r,nl\-“lﬂ

It is also clied @ normalized frequency.

Graded Index Fiber Structure

X The Refractive indexf graded indexilber decreases continuously towardsraégius
from the fber axis and théor cladding is constdn

X The refradive index-variation in the core is usually designed by using power law
relationship.

%
n(r) = nft-24(2) [, whenos<r<a . (1.7.4)
f, (- 24 #ny(1—-A)=n, whenr=a
Where, r = Radial distance fromlfer axs
a = Coreadius
n; = Refractiveindex core
n, Refractiveindexof cladding ad
a = Theshapeof the index prafe
X For graded indexilber, the indexdifferenceA is given by,

CITSTUDENTS.IN Page 44



Optical fiber communication 06EC72

p_mom
2n3
ﬂ _ Ty Tlq
Ty
X In graded indexitber theincident light will propagae whenlocd nunmerical.aperture at

distane r from axis, NA® is axial numericd aperture NA(0). The4oed. numerical
aperture is gven &,

2 e % . | Ty =
NA(r) = [n°(r) —n3]z ~ N,ﬁl(l]]wli—(a} . forr<a
0, forr > &
X The axial nuraricd apeture NA(0) is gven @&,
NA(0) = [n?(0) —nZ]*2
NA(0) = [n —n]%?

NA(0) = n,V2A% n (2A)42

Hence Nafor gradedindex decreasedo zero asit movesfrom fiber axis to core-cladding
boundary.

X The \ariation.of NA for different vdues ofa is shown in Fig. 1.7.1.

1.0¢ -0, = o= (Step)

.
(z)=
Fig. 1.7.1 Variation of NA for different o
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X The numbeof modes ér graded indexilber in given as,

ﬂzkz'ﬂii (176)

M=
a + 2

1.8 Single Mode Fibers

x Propagationin singe mode fiber is advantageous bcaisesignal disgrsion dueto delay
differerces amongt various modesn multimodeis avoided. Multimodestep. index ibers
cannot be used fosingle mode popagation dueo difficulties in maintainingsingle mode
operation. Therefore for the tansmissionof singe mode theidber is designedto allow
propagation inone modeonly, while dl other modes arettenuated by leakager
absorption.

x For single mode operationpnly fundamental LPy; .mode many, exist. fle single mode
propagationof LPy; mode in step indexiliers is possiblever therange.

0 =<V = 2405

X The normdized frequencydr the fiberecan beradjusted within theange byreducing
coreradius and refractive indexdifference <'1%: In orddp obtain single modeperation
with maximum V numbe(2.4), the single modeber must have snii@ core diamete
than the equivale multimode step indexider. But smaller core diameter has problem of
launching light into the filer, jointing fibers and redeed relative indexdifference.

X Graded indexiberscan also be‘sued faingle modeoperation with somapedal fiber
design. The cut-off value of normdized frequency Vcin singe mode operatiorfor a
graded indexiberis given by,

A

=

2
V= 2.405(1+—)
oL

Example 1.8.1 ;" A multimode step index opticaliber with relative refractive indexdifference
1.5% ad corerefractive index 1.48s to be used 6r single modeoperation. If the opetag
wavelength.is’0.85m calaulate the maximum core dianest

Solution : Given :
n, = 1.48

A=15% =0.015
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A =0.85 um = 0.85 x 10m
Maximum V value ér a fiber which gves singe modeoperations is 2.4.
Normdized frequency (V nunds) and core diameter iselated by expression,

v=a—ﬂa (NA)

2T

1
o @ n,(24)2

V=

Vi

a=—"-7
2m n, (24)32

24x(0.85x107%)

a= T
21 x (1.48)x (0.03)z

a=13um : ... Ans.

Maximum core diameteof singe modeoperation\is'2.6 m.

Example 1.8.2 : A GRIN fiber with'parabolic retidive index profile core has afractive index
at the core axis of 1.5 amdative indexdifference at 1%Calaulate maximum possible cer
diameterthat allows single modeperations ak = 1.3 um.

Solution : Given :

n, = 1.5
A=19% = 0.01
’=13pum=13x10 " m

for a GRIN

Maximum valueof normdized frequencydr single modeoperation is @gzen by,

[T

2
V= 2.4(1+—)
£
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[T

Maximum coreradius is gven by expession,
VA

- 1
2w ny (24)32

24+ 2x1.3x107%

1
2mx 1.5 x (0.02)%

a=33um ... Ans.
@Maximum core diameter whitallows sinde modeoperation:is 6.6 m.
Cut-off Wavelength

X One importat transmission parameteoifsingle mode fber us cut-off wavelerty for
the first higher order modg, as it distinguishes thelsimpde and multimOde regions.

X The effective cut-offwavelengh A¢.is defined as the large wavelengh at which
higher order[Lp::) mode power relativéo the tindamental mode [Lnn.] power is

reduced to 0.1 dB. Therange of cut-of wavelengh recommeaded to avoid moda
noise ad dispersion problensis : 1100to 1280 nm (1.1o 1.28um) ér single mode
fiber at 1.3 m.

X The cut-off wavelength, can be computeérom expression ofnormdized frequency.

U:ET“E. nl(gﬂjizy;ﬁk:z“%(ggji ....(1.8.1)

o = Ze (o) . (1.8.2)

where,
V.is cut-offnormdized frequency.

X Acis the wavelengthtaove which a grticular fiber bkecomes singe moded. Br same fiber
dividing Ac by A we get therelation &s:

CITSTUDENTS.IN Page 48



Optical fiber communication 06EC72

}ll'_'
A

&l =

A= ... (1.8.3)

Vi

But for step index iver V, = 2.405 then

A, = (1.8.4)

Example 1.8.3 : Estimate at-off wavelength ér step index iber in sinde modeoperation. The
core efradive index is 1.46 and coredius is 4.5 pm. Theslative indexdifference-is 0.25 %.

Solutions : Given :
n, = 1.46
a=45pum
A=0.25% = 0.0025
Cut-off wavelength is giveby,

1
2man, (2A)2
e T

C

For cut-off wavelength, ¥=2.405

1
27 x4.5 % 1.46 (0.005)2
- 2.405

., =1214 pmw
.. Ans.

Mode Field Diameter and Spot Size

x The modeifeddiameteris fundametal parameteof a single mode fber. This paramete
is deeminedfrom mode field distributions of fundamtl LPy; mode.

X In step index and graded singe mode fibers, the field amplitude distribution is
approxmated by Gaussian distribution. Tineode Field diameter (MFD) is distance
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between opposite 1/e 0.37 times the near fiestrength )amplitude) ad poweris 1/ =
0.135 times.

x In sinde mode er for fundamatal mode, on field amplitude distributionegmode fled
diameter is shown in fig. 1.8.1.

6/L_8 “Radius r (pm)

!
o]
l
(o]
|
&
|
N
(=]
%]
&

Fig. 1.8.1 Mode field diameter

X The spot sizey is gives as—

_MFD
Wy =
MFD = 2@

The parameter takes inaeount the wavelength depdent fled peneattion into the
cladding. Fig. 1.8.2 shows mode field diaemevarnation withA.

~—— 1300 nm optimizec

121 ~— Dispersion flattenss
-=- Dispersion shiftes
ﬁ 10
Mode field
diameter
(um) 8
6 1200 1400 1600
} 3. 1

wavelength (nm) e=>

Fig. 1.8.2 Mode field diameter variations
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Fiber Materials
Requirements of Fiber Optic Material

1. The matrial must be transparemarfefficient ransmission ofight.
2. It must be possible to draw long thioefs from the magnal.
3. HRber material must be ogpatible with the cladding matetia

Glass and plastdulfills theserequirements.

X Most fiber consistof silica (30O,) or silicae. Various types of high lossnadlow loss
glass fibers are avalableto suit therequirements. Plastidders\are not popular becaus
of high attenuation they hae beter mechancd strength.

Glass Fibers

x Glassis made by fusing mixies of metal oxdes havingefractive indexof 1.458 at 850
nm. For changing theefractive indexdifferent oxidessitch as BOs;, GeQ and P,Os are
added asdopants. Fig. 1.8.3 shows wvarnationwof refradive index with doping

concentration.
GeO.
1.48—1— 0]
Refractive Py05
index
1,461 e
‘ \8203
Fluorine (F)
14 } } } t =
0 5 10 15 20
% Doping concentration
Fig. 1.8.3 Variation of refractive index with doping concentration
Composition Core Cladding
1 GeQ - SO, S0,
2 P,Os — Si0; SO,
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3 SiOz BZOS - SiOZ

4 GeG - B,O3— SiOz B-O3 — SiOz

x Fg 1.8.3 shows additiomf dopantsGe} and P,Os increasesefractive index, while
dopants FluorindF) and B,Os; decreases efradive index. One importat criteria is that
the refadive index of core is gaer thanthat of the cladding, heecsome important
compositionsare used sutas

x The pincipal raw materiafor silica is sand rad glass. Theiber composedf pure sili@
is cdled as silica glass.hE desirable piopetrties of silica glass are :-
- Resistance toedormation eva at high tenperaure.
- Resistance to breakage frorneitinal shocks (low thrma expansion).
- Good chenicd durability.
- Better transparency.
x  Other types of glass fibeare :
- Halide glassfibers
- Active glassfibers
- Chalgenide glassbers
- Plastic optd fibers

Fiber Fabrication Methods

X The vapor-phase @ation processis)/popubrly used or fabricating optical ibers. In this
processvapours of metal idesstch as SiCJand Ged, readive with oxygen ad forms
powderof SIO, patticles. The ¥, particlesare coleded on suface of bulk glass and
then sinteredo formra glasrod cdled Preform. The prefoms are tyically 10-25mm
diameter ad 60-120 cm longrom which fibersare drawn. A simple schematif fiber
drawing‘equipment is'shown in Fig. 1.8.4 on next page.

x The<preformis feedto drawing furnace by pecision feed rechanism. The preform is
heded up in drawing furace so that it boomes sdfand fber can be dawn essily.
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Precision
feed mechanism

| —<—— Preform

Drawing fumace

Bare fiber ——=

[1|[____J=— Fiber thickness monitor

Wl -«—— Coating applicator

N

Take up spool e

)

Fig. 1.8.4 Fiber drawing equipment

Coated fiber——>%

X The fiber thickness monitoring deades the speed of take upspool. The fiber is then
coated with elastic material to peat it from dust and water vapour.

Outside Vapour-Phase Oxidation'(OVPO)

X The OVPO praessis a lateral-deposition prose. In OVPO procss a layerof SO,

(Soot) is depositedfroma burner on a rotating madrel so asto make a perfan. Fig,
1.8.5 shows this pogss.

O, + Metal halide vapours

t

Glass particles

Rotating
mandrel

Preform (Soot)

Fig. 1.8.5 OVPO process
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X

During the $O, deposition @and metal halide vapasican be controlled so the dieed
core-claddingdiameterscan beincorporated. The madrel is removed when deposition
process is completed, This prefaris used for drawing thinlament of fikers in fiber
drawing equipment.

Vapour-Phase Axial Deposition (VAD)

X

In VADprocess, the SiO2 auticles are deposited axiallyfhe rod is continuously rotated

and moved upward to maintain symmatfypaticle deposition.

The advatages of VAD processare

- Both ste and graded indexibers are possible to fabcae in.multimode and single
mode.

- The preforms does notvathecentral hole.

- The performgan befabricaed in continuous length.

- Clean environment cabe maintaned.

Modified Chemical Vapour Deposition (MCVD)

x The MCQCVD process involves depositing ultrairfe, vapourizedaw maternals into a pe-

made silica tube. A hollow silica tuliheaed to about 1508C and a mixtureof oxygen
and metal halide gases issgad through it; A cheicd reaction acurs within the gaand
glass 500t’ is formed and depositeah the' inner side of the tube. The stlmt develops
from this depositions consolidated by deting. The tubes rotated while the éaer is
movedto and along the tuberal the' soot foms a thin layerof silica glas. The rotation
and heaer movemat ersures that the layeiis of constat thickness. The first layerthat is
deposited fams.the cladding.ad by changing the constituents the incoming gas the
refradive index canbe modifiedto produce the ae. Graded index iber is prodwced by
careful continuous control of the constituents.

The temperaure is now increased to about 18@and the tube is collapsed to form a
solid rodcdled apeform. The preform is about 25 mm in diameter and 1 netre
length. This will produce 25 km oibkr.
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Stage - 2
(2800 °C)

The heater is
moved to and

fro

The glass is formed layer by layer

(1500 °C)

Stage - 1

carrier

O or Neutral

Fig. 1.8.6 MCVD process

X The preformis placed at a heipt cdled a pulling tower rad its temperaure is increased
to about 2100°C. To prevent contamination, the atmosyghe is kept dry ad clean. The
fiber istthen pulled-asa fine strand from the bottom, the core and cladding flowing
towards.the pulling point. Laser gauges contihuanonitor the thiknessof the iber and
automaicaly adjust the pilling rate to maintan required thickness. After suficient
cooling the-pimary buffer is applied and thalfer is drummed.

x Fig..1.8/6 (Refer Fig. 1.8.6 omgvious page) shows tteverall MCVD pracess.
Plasma-Activated Chemical Vapour Deposition (PCVD)

X PCVD process is similar to MCVD proess where the depositioraurs on silica tube at
1200°C. It reduces mchantd stress on glasfilms. There is no soot formationnal
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hence sirgring is notrequired. Non-isotlermal microwaveplasma at low pessue
initiates the chmica reaction.

Double-Crucible Method

x Double€rucible method is direct melt procss.In doubleerucible mehod two different
glassrods br core and Cladding are usesif@eds$ock for two corcentric crucibles. The
innercrucible is br core and outer crucible isrfcladding The ibers can be drawn from
the orifices in the cruible. Fig. 1.8.7 shows doublgucible method ofiber. dawing.

Cladding feed rod
b o Commfecd rd

Outer crucible

Furnace

~—l LT

AN

<
WA

7
7

Brawn fiber

Fig. 18,7 Doubie-crucible method

Major advantages of doublerucible method is that it is a continuous productiorcgss.

1.9 Mechanical Properties-of Fibers

X The nedhanca propetties of fbersare equally important as that efrismission
properties. Theibers must be able to sustaimestses and stains exerted during the

cabling process.

Two basic nechantcad propetrties of glassilbers areidentified.

1. Stength
2. Staticfatigued

1. Strength
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X Thestrength of the fiber is limited due toressat surfaces omicro cracks.A
hypotheical model ofmicro crad is shown in Fig. 1.9.1. This is popdl known &
Griffith micro crack. Themicro crack is elliptcd shaped.

w - Width (mm)
x - Depth (mm)
Q - Crack tip rédius (mm)
o - Applied stre:&;s (MPa)

Applied
stress :>
(o)

Fiber core

Fig. 1.9.1 Griffith micro crack model

X Thestrength of fber crack is exqessed &,
k=Y X120
where, k = Stess intensity factor [0.6to 0.9 MNFf
Y = Flaw geometry consii

x A fiber mntains many randomlydistributed em cracks oflifferent sizes. Therefer
fiber srength should be expssed statistdly. The commutative mability of failure of
a fiberis given as,

F(o, L) = 1
where, L =Fiber lengh
6 = Stress level
N(o) = Totd cracks per unit lertg

X The expession br N(c) is gven by Weibull

N(o) = l(i)m

Ly\a,

where Ly, 6o and mare constantelating to initial irert strength distribution. The Weibull
expression is gven by

2. Static fatigue
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x The static faigueis the praess of slowly growing micro cracks (flaws) dug¢o humid
conditions ad tensile stess. Thereis possibility of fiber failure dueto growing micro
crack. Also lecaise of chenicd erosion at the flaw tip due to water maldes, the flav
increass. To proted fiber from environmentakrosion, coatings are applied imdiately
after the maufacturing of fiber.

X Proof testing is the methodrfhigh assuance of iber rdiability. In proof testing theilder
Is subpded to a tensile load greder than the load atthe time of manufacturing and
instdlation. The ibers are regded if it does not pssthe test. Thdailure pobability Fs
for a fiber after it has ken proof tested is gven as,

Fs=1- 6" )
1.10 Fiber Optic Cables

x The fiber optic cable are to be usedunder variety of situationssuch as underground,
outdoor poles or suberged under water. Theructure of cable dependsn the situation
where it is to be used, but the basable desig principlesremains same.

X Medanical poperty of cable is oneof the importat factor br using anyspedfic cable.
Maximum allowable axialload on cable deddes the lenth of the cable be reliably
instdl ed.

X Also the fber cables mustbe ableto absorb eargy from impad loads. The outesheah
must be designedio proted glass fibers from impad loads and from corrosive
environmeital elements.

Fiber Arrangements

X Several aiangementsof fiber cables are done to use for different applicaions. The
most basicfornstwo fiber cable desig. Fig. 1.10.1 shows basic twibér cable design.
It is also’known as'basic building block didr cable.

x For providing strength to the core several ciags of different matrials are applied a
shown'inifg 1.10.1.

Buffer

Fig. 1.10.1 Two fiber cable design
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X Multiple fiber cable can be combinedtogether using similar tedhniques. Fig. 1.10.2
shows commonlysed six fber cable.

X The basiciber building blocksare usedo form large cableThese units are boundn a
buffer material which as as strength element along with insulated copper condorc
The fiber building blocks are suroundedby papertape, PVC jadket, yarn and outer
sheah.

Quter sheath

PVC Jacket
Paper tape
Insulated Cugenductor

Basic fiberbuilding
block

Palyurethane

Buffér materiat

Fig. 1.10.2 Six fiber cable

Fiber Optic Cable Ducts

X Numberof cores ardundledin plastic ductsTo easeidentification, individual ibers ae
colour oded Table 1.10.1 showsa@&xampleof the colour coding used by mafacturers.

Fiber number Colour

1 Blue

Orange

Green

Brown

Grey
White
Red
Bladk

(<o 2 e o B BN I @ B N6 2 I B N B O S B I\

Yellow
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10

Violet

11

Pink orlight blue

12

Tur quoiseor neutral

Table 1.10.1 Fiber colour coding

x If there aranore than 12 ibers in a tubehey are gually bundled togiier in.quantities of
12 and held togker with a coloved binding yan.

Cable Jacket

The cable jadket, the final outer layer of the cable, may use anumberof materals
depending on the required medhanical properties, attenuation; environmetal stress and
flammability. Table 1.10.2 lists the pperties of commoitable pdket maerals.

Jacket material

Properties

Polyvinyl Chloride (PVC)

Medanical progdion; different grades offer
flameretardancy and outdoor use. Also for
indoor and geneal applications.

Gypalon®

Can withstand exéme environments; flme
retardant; good thermastability; resistant to
oxidation, ozone anchdiation.

Polyethylene (E)

Used Pr telephone cablesesistant to
chemicas and moistte; low-cost; flanmable
SO not used in edtronic applcaion.

ThemoplasticElastomer (TE)

Low-coast; erdlent mechamid and chenical
propetrties.

Nylon

Used oversingle conductors to improve
physicd properties

Kynar® (Rolyinylidene Fluoide)

Resistant to aiasions, cuts; tbrmally stable;
resistant to most ctmicals; low smoke
emission; self-extinguishing. Used in highl
flameretardant plenum cabte

Teflon® FEP

Zero smoke emission, even whexposed to
dired flame Suitable to tmperaures of 200
°C; chamicdly insert. Used in highly flame
retardant plenuncables.

Tefzd ©

Many of the sme propetrties as Teflon; rated
for 150°C; self-extinguishing.
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Irradiatedcross-linked Polglefin (XLPE) Rated 6r 150°C; high resistanceo

environmental stress, cracking, cuthrough,
0zonre, solvents and saddng.

Zero Halogen Tammoplastic Low toxicity makes it usable in any enclosed

Kevlar, Hyplon, Tefzd and Teflon are registesd trademarks of E.l. Du Pont Nemaand
CompanyKynar is a registeredademark of Pennwalt, Inc.

Table 1.10.2 Properties of cable jacket material

Plastic Fiber Optic Cables

x Fibers can also be manufatured from transpar@t plastic which offers advaitagesof

larger diameter (Imm), increased flexibility,can be cut using‘a hotazor blade,ease of

termination. But becausef high intrinsic loss usef plastic fbersis normally restricted

to only few metes.

Plastic optic iber (POF) offers noise immunitynddow ceble weidht and volume ad is

competitive with shileled coppewire m&ing it suitable ér industrid applications.

Silica (glass) optd fiber has b#er transmission.chaderistics (low loss)than POF.

Also, silica iber cantolerae higher tenperaturethan plastic fber. On the other hand,
POF ismore flexible, less prove to breakagessierto fabricate and costis low than glass
fibers.

Another advatagesof glass/glasfiber is that'very clearfradure suface can be obtaed

which enaures that fiber cladding inside the coador retains its optical charaetistics

right upto the ad face tofiber. Whereasin plastic glass/plasticifer some additional
losses exists du® fradure zoneof plastic which everafter grinding and polishing still
have microscope end face absorptionaress. These advatagesand disalvantagesare

sumnarized in Jable 1.10.3:

Types of cladding Advantages Disadvantages

Glass/glasfiber x Clean fradure suface. X Less flexiblethan plastic

x Retention of  opticd fiber.
characteristics. x Prone to damage.

Transparent plastic/plastic |x Largediameer. x High intrinsic loss.

fiber

X Increased flexibility. X Additional losses at t

x Easeof temination. fracture zone.

X Limited distares of a fev
metres and t¢
environments pretted
from temperatue
extremes.

Table 1.10.3 Advantages and disadvantages of different fiber claddings
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Recommended Questions

1. Staeand eplain the @vantages and disadvatages of iber optic commuration
systems.

2. Staée and eplain in brief the pnciple of light propagation.

3. Define following terms with resped to optcd laws—

A) Refledion

B) Refraction

C) Refractiveindex

D) Sndl’s law

E) Criticd ande

F) Total inemd refledion (TIR)

Explain the important condition®if TIR to exitdn-fber.

Derive an expession br maximumaccetance anig of a fiber.

Explain theaccgptance comef a fiber.

Define numertd aperture and stigits significance also.

Explain thedifferent types of rays in fiber optic.

© ® N o g &

Explain the following-
A) Step indexiber
B) Graded indexiber
10. What is rean by mede of aiber?
11. Write short notes onAollowing
A) Single modestep index iber
B)" Multimodestep index fiber
C) Multimode gaded index iber.
12. Elain'the ther maernals used irfabricaion requirements.
13. Incaseof glassfibers how theefractive indexcan be \aried?
14. Briefly explain following tedniques of fabrication.
i) OVPO i) VAD
i) MCVD iv) PCVD
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UNIT - 2

SYLLABUS:

TRANSMISSION CHARACTERISTICS OF OPTICAL FIBERS:  Introduction,
Attenuation, absorption,csttering lossa, bending loss, diggsion, htra modal disprsion; > hter
modal disgrsion.

5 Hours

RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd"Keiser, 4"Ed., MGH, 2008.

2. Optical Fiber Communications— = Joln M. Senior, Peason Education. 3
Impression, 2007.

REFERENCE BOOK:
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Unit-2

Transmission Characteristics of Optical Fibers

Introduction

X

Oneof the importat property of opticd fiber is signal dtenuation. Itis also known a

fiber lossor signal loss. Theignal dtenuationof fiber deemines the maxnum distance
beween transmitter and recever. The attenuation also deemines themnumbe of

repedersrequired, mantaining reder is a costly affair.

Another importat property of optid fiber is distortion mechanism.As the signal pulse
travels along the fiber lenth it bemmes more broaeér. After’suficient lengh the broad
pulsesstaits overapping with ajacent pulses. This createsreor in the ecaver. Hence
the distortion limits the informatiocerrying cgpacityoffiber.

2.1 Attenuation

X

Attenuationis a neasue of decay of signal strength orlossof light powerthat accurs @
light pulses mrpagatethrough the length’of the fir.

In opticd fibers the ienuation is manly caused!by two phsical fadors absorption rad
scdtering losses. Absorptionis becaiseof fiber maernal and scatering dueto structura
imperfection within thefiber. .Neatly. 90 % of total &enuation is caused by Rayleigh
scatering only. Microbendingof opticd fiber al® contributes to theteenuationof signd.
The rde at whichlight is \absorbeds depadent on the wavelenth of thelight and the
characteristics of pasicular glass. Glassis a silicon compound,by adding different
additional chenicds to thebasic silion dioxide the optid propertiesof the glasscan be
changed.

The Rayleigh &atering is wavelengh dependet and reduces rapidly as the waveldhg
of theincidentradiation increase

The<atenuationof fiber is govemed by the materals from which it is fabricaed, the
manufacturing process and the refradive index profile chose. Attenuation loss is
measured in-dB/km.

Attenuation'Units

X

As dtenuation kalsto a lossof power along theilfer, the output poweis significantly
less than the couples pewLet the couples optical power is p{®. at origin (z = 0).

Then the power at distance z isen by,
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P(z) = P(0)e #° .. (21.1)

where,ap, is fiber dtenuation constant (per km).

1 [P(0)
o ! [ﬁ
4B km™ 19-%105 %]

®gp/km™ 4343 o, perkm

This parameter is knowrs éiber loss or fiber tienuation.

X Attenuationis also a finction of wavelength. Ofped fiber wavelenth as a d@inction of
wavelength is shown in Fig. 2.1.1.

20 T

First
window

Attenuation
(dB/km)

Third
window

] ] T

T f f
600 800 1000 1200 1400 1600 1800

0.1

Wavelength (nm) e=2>
Fig. 2.1.1 Fiber attenuation as a function of wavolongth

Example 2.1.1 : A‘low loss fber has average $sof 3 dB/km at 900 nm. Compute the Iémg
over whidh —

a) Power decreaseby 50 %  b) Power dereass by 75 %.
Solution : a =3 dB/km
a) Power decreasseby 50 %.

B0 _ —
= s 500% = 0.5
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a is gven by,
1 P(0
a=10.—1 [%}
1
3=10.— log [0.5
FA
€z =1km ... Ans.
b) PO _ 5506 =0.25

P(z)
Since power daeaseby 75 %.

3=10x élog[D.EEm]

€9z =2km ... Ans.

Example 2.1.2 : For a 30 km longiber atenuation0.8 dB/km-at 1300nm. If a 200 ptivpower
is launched into theiber, find the output power.

Solution : z =30 km
o = 0.8 dB/km
P(0) =200 uW

Attenuation in optcd fiber4s given by,

u=1ﬂx%1ug [%]

200 p.W]
P(z)
200
P(z)

1
08 =10 x 30 log

24 =40 x log [

[2{]{] HWT  qp2+
P(z) 1
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§P(z) = [ZT:‘;‘] — 0.7962 LW

Example 2.1.3 : When nean optcd power launched into an 8 km lahgpf fiberis 12 pW, the
mean optica power at theiber output is 31W.

Determine—

1) Overall signdattenuation in dB.

2) Theoverdl signal dtenuation ér a 10km opticd link using the sme fiber with splces at
1 km intervals,ead giving an atenuation of 1 dB.

Solution : Given: z=8km
P(0) = 120 pW
P(z) =3 pwW

1) Overdl attenuation is give by,

P(ﬂ}]
o= 10 .log [@

_10.1 [E}
o= Jdog 3
o = 1602 dE

2) Overdl attenuation®r 10 km,

Attenuation per knme ;= m;ﬁ = 1?1 = 2.00 dB/km

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

In. 10 km link there will be 9 splces at 1 km ingval. Each splice introducing téenuation
of 1 dB.

Totd attenuation = 20 dB + 9 dB 29 dB

Example 2.1.4 : A continuous 12 km long ol fiber link has a loss of 1.5 dB/km.

i)  What is the minimum optd power level that must bedached into the fiber to maintain
as optcd power level of 0.3 uW at the receiving end?
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i) What is therequired input poweif the iber has a loss of 2.5 dB/km?
[July/Aug.-2007, 6 Marks]
Solution : Given data: z = 12 km
a =1.5 dB/km
P(0) = 0.3 pW

i) Attenuation in optcd fiber is given by,

o= 10 x - lug (I;Eﬂi)
15=10 x l log (GPE(lzl;N)

(0.3 MW)_ 15
l°g \"pz) /~ 0833

=1.80

(o ) - 10

(n.a u‘W) 003
P(z} 4 1[}1'8 - ﬁ

P(z)=276 x107*W

Optica power output #.76 x 10° W ... Ans.
i) "Input power = ? P(0)
When a = 2.5 dB/km

Y
a=10x Elmg(igﬂ;}

P(0)
476x107°
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PO 25
“Cl276x1077) " 0833

P(0
L_% = 10% = 1000
476 x10
©P(0) =4.76 pW
Input pover=4.76 pyW ... Ans.

Example 2.1.5 : Opticd power lainched into iber at tansmitter @d is 150 uyW..The power at
the end of 10 km lengh of the linkworking in first windowsis — 38,2.dBn. Another sgtem of
same lengh working in second window is 47.5 pW. Same lengh_systemworking in third
window has 50 % launchedpower. Calalate fiber attenuation for-each case and mention
wavelength of operation. [Jan./Feb.-2009, 4 Marks]

Solution : Given data:
P(0) = 150 pW

z=10 km

) 10 10s 232
P(z) = —38.2 dBm = —38:27 10 logT—=5
P(z) = 0.151 uW

z =10 km

PR 1))
o =\10= Elug l@

Attenuation in- £ window:

o, =10 11
1= XEUE

150 I
0.151

o, = 2.99 dB,/kau
Ans.

Attenuation in 29 window:
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em10 5 g [
2= 10 ° 375
o, = 0.49 dB /kau
Ans.
Attenuation in 3¢ window:
o105 Lo [
3= X907 [ 775
;=10.30 dB/kw ... Ans.

Wavelength in ¥ window is 850 nm.
Wavelength in # window is 1300 nm.
Wavelength in % window is 1550 nm.

Example 2.1.6 : The input poweto an optcd fiber.is 2 mW while the power rasured at the
output end is 2AW. If the fiber dtenuation is 0.5 dB/kmgaculate the length of thebfer.

[July/Aug.-2006, 6 Marks]
Solution : Given : P(0) = 2 mwatt«= 2 x-Ibwatt

P(z) = 2 pwatt = 2'x Idwatt

o—==0-5dB/km
1 [BLE)
S __N\j [miz}J
N 10 11 2x107%
- — X —I10 ——
2 81251078
05=1y3
z
3
%= 005
z = 60 km ... Ans.

2.2 Absorption
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X Absorption losss relatedto the maenal composition ad fabrication praess of fiber.
Absorption lossresults in dissipatiorof some optid power as bBa in the fber cable.
Although gless fibers are extemely pue, some impurities stilkfeman asresidue after
purification. The amounbf absorption byheseimpurities dependsn their concentration
and light wavelength.

X Absorption iscaused by thee different nedchanisns.

1) Absorption by atomtic defects in glass composition.
2) Extrinsic absorption by impurity atoms in glass satt
3) Intrinsic absorption by basic constituent atomiloér

Absorption by Atomic Defects

X Atomic defeds are imperfectionsin the atomicstrudure of the-fber maernals such as
missing moleaules, high density clusters of atom groups. Theseabsorptionlossesare
negligible @mpared with intrinsic and extrinsicdees.

x The absorptioreffed is mostsignificant when' fiberis exposedo ionizing radiation in
nuclea reador, malica thergies, space missions etc.. Thediation dames the iatnd
strucure of fiber. The damageare pioportionalto the'intensityof ionizing particles. This
resultsin increasing atenuation dueto atomic. defets and absorbing optical engy. The
total dose amateral receves is expessed in rad (Si), this is the unit for measuring
radiation absorbed in bulk silicon.

1rad (S) = 0.01.J.kg

The higher the radiation intenstiyore the #tenuation as shown ini§ 2.2.1.

k
5 4

3l

Attenuation 3 T
(dB/km)

2+

1 4+

| T L 1
2000 4000 6000 8000

Radiation Intensity
rad (Si)

Fig. 2.2.1 lonizing radiation intensity Vs fiber attenuation
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Extrinsic Absorption

x Extrinsic absorption @urs due to eledronic tansitions between the enegy level and
becaise ¢ charge tansitionsfrom one ionto anotler. A major souce of attenuation is
from transition of metal impurity ionssuch as iron, chromium,abealt and copper. Thes
lossescan be upto 1o 10 dB/km. The #ect of metdlic impuritiescan be reduced by
glassrefining techniques.

X Another major extrinsic loss is caused by absorptiondue to OH (Hydroxil) ions
impurities dissolvedn glass. Vilations accur at wavelengths beieen 2.7 ad 4.2 pm.
The absorption peaks occurs at 1400, 98 Z0 nm.These ae first, second ad third
overtones respedively.

x Fig. 2.2.2 shows absorpti@pedrum for OH groupin silica Between these absorption
pe&ks there are regions of lowitenuation.

3 4
10
A First
i 2 1 overtone
i 10 Second "
Attenuation OVertogs |
(dB/km) 1 4+ :
10 Third > _ i |
overtone. . [! ;
o ) !
10 3 i - i
1 1 I
] ] :
10"1 : | : } } } g

760~ 950
600 800 1000 1200 1400

Wavelength
(nm)

Fig. 2.2.2 Absorption spectra for OH group

Intrinsic Absorption

X Jatrinsic absorption ccurswhen maeral is in absolutely puretate,no density variation
and inhomogenitis. Thus intrinsic absorptionsds the fundamental lower limit on
absorption dr any mrticular maernal.

X Intrinsic absorptionresults from eledronic absorptionbandsin UV region and from
atomic vilration bands in theew infrared region.

x The eédronic absorption bandare asscaiated with the bad gapsof amorphous glass
materials. Absorption ocurswhen a photon imtrads with an eédronin the valene band
and exdtes it to a higher enggy levd. UV absorptiondecays exponentially with
increasing wavelengthi().
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X In the IR (nfrared) region above 1.2 um thetmal waveguide losss deemined by
presenceof the OH ions and inherent IR absorptionof the constitust matenals. The
inherent IR absorptionis due to interaction beween the vibrating band and the
eledromagnetic fidd of opticd signal thisresultsin trander of enegy from field to the
band,thereby giving riseo absorptionthis absorptions strong lecaiseof many bonds

present in theiber.
X Attenuation sgedra for theintrinsic loss rechanism in puréseis shown in Fig..2.2.3.

Wavelength (um)
12345 8 10

......
; P S G e

........

T 1 T T T T T T ’
100 | ,’
> I
10 + \\ I IR absorption
; '
E N
1 - ’
Loss \\ |
(dB/km) o iy
01T N
\
[N
- A S
0.01 ’l y L
N\
——
uv 2.5 2 15 1 0.5 0 )
Photon'@énergy (eV)E=R>

absorption

Fig. 2.2.3 Attenuation spectra for intrinsic loss

X The ulraviolet loss aany wavelength is exgssd as,
4.55‘}
...(2.2.2)

154.2 A =
o ={——— x10“xXxe'i-
)/ 16.6 2450

where x is mole fractiorof GeG.
A is operang wavelength.

oy is IndB/km.

x [ The loss in‘infrared (IR) regigiabove 1.2 m) is gven by expession :

—4B.487
o p=7.81x 10" x e[ x ...(2.2.2)

The expession is @énved br GeQ-SiO, glass filer.

2.3 Rayleigh Scattering Losses
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x Scatering losses existi opticd fibers beauseof microscopic \anationsin the material
density and composition.As glass is composedby randomly conreded network of
moleaules and severaloxides (e.g. 3O,, GeQ and P,Os), these are the majorcause of
compositionalstrucure fluctuation. These two effeds results to vanation in refractive
index andRayleigh type atering of light.

X Rayleigh scattering of light is dueto smell locdized change# the refractive index fo
the core and cladding nsaial. There are twacauses during the mafacturing of fiber.

x The first is due to slight fluctuation in mixing of ingredients. The randomchanges
becaise of thisare impossible to elimirta completely.

x The othercauseis slight changein density as the silica coolgésolidifies. Whenlight
ray stikessuch mnesit gds scdteredin al diredions. The amoundf scater depends on
the size of the discontinity compared with the waveletigof the light so the shortest
wavelengh (highest frequency) stiers most satering. Fig. 2.3:1“showsrgphicdly the
relationship béwveen wavelength and Rayleigleatenng loss.

5T

4--
|
Loss

(dB/km) 2 T
14

00] 0.8 0.9 1.0 14 1.2 1.3 1.4 1.5 1.6

Wavelength (1) um
Fig. 2.3.1 Scattering loss

X Scatering loss‘for single component glass rgamn by,

3‘“:5

= (n* —1)* kg T; By nepers ...(2.3.1)

LLE: L

where, n = Refradive index
kg = Boltzmanns constat
Bt = Isothermbcompessibility of maernal

T = Temperature at which densityldictuationsare frozen into the glssasit solidifies
(fictive temperaure)

Another form of equi@on is
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-4

n® p? kg T By nepers ...(2.3.2)

KSI’.‘ at = 314

where, P = Photoelastic coeffiam

X Scdternng loss for multicomponent glees is gven by,
8> .
Dcsr_'at: ﬁ [5;]‘ v
where, 5; = Mean square refradive index fuctuation

dv = Volumeof fiber

X Multimode fibers have higher dopant concentrations and .gréater compositional
fluctuations. Theoverall losses in thislfers are more a compared to sinlg mode bers.
Mie Scattering :

X Linear gdtering also ocurs at inhomogenities.antlesearise from imperfectionsin the
fiber’s geometry, rreguhrities in the refractive ndex and the pesence of bubbles etc.
causedduring manufadure. Careful contiol of manufacturing process can reduce mie
scdtering to insignificant levels.

2.4 Bending Loss

X Losses dué¢o curvaturedad lossescaused by an abrupt changeradius of curvaure ae
referred to & ‘bending Isses.’

X Theshamp bend of a fiber causessignificant radiative losses rad there is also possibily
of medhanica failuresThis is'shown in Fig. 2.4.1.

Normal
Core ‘ Escaped
ray

Light
ray

/
/

oy A

X As the core bends the normal will follotvand the ray will now find itsé on the wrong
sideof criticd angle ad will escape The shamp bendsare therefore avoided.

X Theradiation lossfrom a bentiber depends on

Fig. 2.4.1 Bending loss
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1) Field strength of certan criticd distance ¥ from fiber axs where pwer is lost
through radiation.
1); Theradius of curvaure R.
X The higher order modeme lesstightly boundto the fber core, the higher order made
radiate out of fiber firstly.
X For multimode iber, the effective numbeaf modesthat canbe guided by curvedilfer is
given expession :

N = No. {1 -= [§+ (“jm)m]} .. (2.4.1)

where,
a is graded index prog.
A is core— claddingindexdiffererce

n, is refractive indexf cladding.
k is wave popagation consta G—T)

N is total numbepf modes in atraight fiber.

N, =—(dgka)’a ... (2.4.2)

= 42

Microbending

X Microbendingis a loess duéo small bendingor distortions. Thissmall microbending is
not visible< The losses due to thie temperaure related, tensile related arush related.

X The effeds of microbending on multimode fiber can result in increasng attenuation
(dependingon wavelength)to a series of periodic peas and troughs on the spedral
attenuation. curve.Theseeffeds canbe minimized during instdation and testing. Fig.
2.4.2 ilustates mcrobening.
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Cladding

Core

Fig. 2.4.2 Microbending

Macrobending

X The changén spedral d@tenuation caused by awobendingis-different to microbending.
Usually there areno pegs and troughs becausein a nmaciobendingno light is coupled
bad into the cordrom the cladding a can happen in_thesseof microbends.

X The maciobending lossesare causeby large scde bending offiber. The lossesare
eliminated when the bends are straightened.. The\lossescan be minimized by not
excealing the long ¢m bendradii. Fig. 2.4.3 illustates macrobending.

Fig. 2.4.3 Macrobending

2.5 Core and Cladding(Loss

x Since the corerad cladding hae different indices of refradion hence they he different
attenuation coefficientsy; anda, respedively.
x Forstepindex iber, the lossdr a mode ordeng m) is gven by,

_ Poore Prlzdding
0C,  =0¢; 28 ok, ...(2.5.2)

P

For low-order modes, the esgssionreduced to

06, oy =0¢, + (00, oc,) ~letding .. (2.5.2)

P ; .
Where,pf]';r=l ad "l“id‘“g are fractional povers.

CITSTUDENTSIN — Ppage77



Optical fiber communication 06EC72

x For graded indexilber, loss @ radial distance is expssd @,

M (00— ntir)

o (Tj =DC1 + EDCE - D'cj_j n(0)- 1t (253)
The loss ér a gven mode is exjgssed by,
L e pln) e dr
Ycraded Index— (254)

‘r;x' Pirirdr

where P(r) is power desity of that modé at radial distance r.

2.6 Signal Distortion in Optical Waveguide

X The pulse get distorted dstravels dong the ‘fiberilengths. Pulsgreading in fiber is
referred as disprsion. Dspersion iscaused by difference in the propagation times gifit
rays that takesdifferent paths during ‘the jpropagation. Thght pulses tavelling down

the iber encounter dispersiaffed-because of'ih the pulse spreads out in time domain.

Dispersion limits theinformation bandwidth. The distortion effscan be analyzed by
studying the group velocities in guided.mede

Information Capacity Determination

x Dispersion and #ienuation of pulse tavelling dong the fiber is shown in Fig. 2.6.1.

msu;s Separate pulse at t;
atty
Distinguishable pulse, t, > t;

i y
i X

Pulse A

shapes Barely distinguishable

and ’ pulse, t3 >ty
amplitudes v
VAN
Pulses not distinguishable ,
/m >ty
2 S

Distance along fiber

Fig. 2.6.1 Dispersion and attenuation in fiber
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x Fig. 2.6.1 showsafter travelling some distas, pulsestaits broadening andverap with
the neighbouring pulseAt ceitain distance the pulsesme not even distinguishable and
error will occur at reaver. Therefore theinformationcgpaaty is speafied by bandwidth-
distance product (MHz . km).oF step index bandwidth distance prodigf0 MHz . km
and br graded index it is 2.5 MHz . km.

Group Delay

x Consider aiber cable carrying optid signal equally with a&rous modes'ad eadr mode
contains # thespectral componentsn the wavelenth band. All thespectral components
travel independatly and they observe different time delay and group delay in the
direction of propagation. The Mecity at which the emgy in a pulsedmtavels along the
fiber is known agroup velocity. Group vdocity is gvendy,

e
Vg= E'_G
(2.6.1)

x Thusdifferent frequency componenia a’signal will travel at different group védocities
and so will arrive attheir destination at differd times, for digital modulationof carrer,
this resultsin dispersion of pulse, which Heds the maximunrate of modulation. Let the
difference in propagation tirséortwo side bands ot.

dr

OT =— x 04
dd
(2.6.2)
where, 4T = Wavelength dierence béween upper and lower sidebarnsbéctral
width)
5 = Dispersion coefficiet (D)
Then, D= %% where, L is length ofiber.
= i(i\' = = and considring unit lengh L = 1
T oanlvg) AsT= Vg g ghl=1.
Now 1_
Vg dw
1 dr dp
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1_-x d
V., 2nc dx

— 4 (2 de
oD = d;.(:m "da

x Dispersion is neasured in picossonds per naometer per kilomer.
Material Dispersion

x Maternal dispersionis alsocdled as chwmatic dispersion. Maeral dispersion.exists due
to changein index of refraction for different wavelengths.A light ray contains
components of arious wavelengthscentered at wavelefly Ao The) time delg is
different for different wavelengh components. Tik resultsin time dispersion of pulsd a
the redving end of fiber. Fig. 2.6.2 shows indeod refradiontasa dinction of optica
wavelength.

1.56

1.54 +

%} 1524

Index of
refracton15 +

; —+—
02 0421 2

Wavelength
(prm) -

Fig. 2.6.2 Index of refraction as a function of wavelength

X The‘magrnal dispersiondr unit length (L = 1)s given by

—& din
Denae =~ %2

... (2.6.4)

where, ¢ = Light vdocity

L = Center wavelenth
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% = Sewmnd deivative of index of refraction w.r.t wavelerip

Negative sign showthat the upper sidebd signal (lowest wavelength) aives lefore
the lower sidehad (highest wavelert)).

X A plot of maernal dispersion and wavelength is shown in Fig. 2.6.3

401
0

—40

Material
dispersion _gp

-120

T 1
08 1.0 1.2 N 1.8

Wavelength
A
{tm)

Fig. 2.6.3 Material/dispersion as.a function of A

X The unitof dispersionis : ps/nm., kKm. Theraount of matral dispersion depends upon
the chenicad composition‘of glass:

Example 2.6.1 : An LED operating at 850 nm has spectra width of 45 nm. Whatis the pulse

sprealing in ns/km due.to metial dispersion? [Jan./Feb.-2007, 3 Marks]
Solution : Given : A =850 nm
c =45 nm

R.M.S pulse broadening due to em@&l dispersion is gven by,
om =0 LM

Consicering lengh L = 1 metre

—A d%nm
o daZ

Material dispersion constant D ... =
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For LED souce operéing at 850 nm|,:|,“ =0.025

LI
da?

1
= G (es0) © 00

2 d :If'.l
daz

1
QM =—|2
M = 9.8 ps/nm/km
€0, =45 x 1 x 9.8 =441 ps/km

om = 441 ns/km .../Ans.

Example 2.6.2 : Whatis the pulsespreadingwhen a laser diode having a 2 spedral widthis
usal? Find the the material-diggsion-indwced pukespreading at 1550 nnof an)LED with a 75

nm sgedra width [Jan./Feb.-2007, 7 Marks]
Solutions : Given : A=2nm
c=75
Do = — 22,91
MEET Al T dal
Dmat = m x0.03 =450 psfnm;’km
om=2X1 x 50 =100'ns/km ... Ans.
For LED D, &= % = 53.76 ps nm ~Llem 2

om=75%1x53.76
Om= 4.03 ns/km ... Ans.
Waveguide Dispersion

x Waveguide disgrsionis caused by thalifferencein the indexof refraction béween the
core and cladding,resulting in a‘drag effect béween the core ad cladding portions of
the pover.

X Waveguide disgrsionis significant only in fiberscarying fewer than 5-10 modg Since
multimode opticd fibers cary hundredsof modes, they will not have obsvable
waveguide dispersion.

X The group delayr(,) ansing due to waveguide spersion.
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d (kh)]
dik 4

(twg) = E[na+ naa
(2.6.5)
Where, b =Normdized popagation consta
k =2m /A (group védocity)

Normdized frequency,
i i E
V = ka(nf —n3)2

V = kanyv2A (For small A)

d (V)
dv

L
&-'Wg = E[ﬂ.: + Tl A
The ®oond term%?tll is waveguide dispersion and is‘mode depencimt .t

x As frequencyis a functionof wavelength, the group leeity of the enegy varies with
frequency. The produces additional losses(wavegiide dispersion). The propagation
constat (b) varies with wavelength,the causesof which are independat of matral
dispersion.

Chromatic Dispersion

X The combinationoffmatrial dispersion and wavegiide dispersion is cdled chromatic
dispersion. Theselosses pmairily concem the spdral width of transmitter ad choice of
correct wavelength:

x A graph ofeffedive refractive index against waveleittgillustrates theeffects of magnal,
chromatic and wavegide disgrsion.

Chromatic dispersion

Effective 1.46

refractive

index i i i
o /,— Waveguide dispersion

Material dispersion

{44—fmom=omcpoomooo o

500 1000 1500 2000

Wavelength (nm) ez

Fig. 2.6.4 Graph of effective refractive index against wavelength showing effects of
chromatic, waveguide and material dispersion
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X Maternal dispersion and waveguide disgrsion efeds vary in vary in opposite sensessa
the wavelenth increased, but at aoptimum wavelenth around 1300 nm, two effés
almost cancel each other and chromatic dispersion is atminimum. Attenuation is
therefore also at minimum and makes 1300 nm a highigciive operating wavelength.

Modal Dispersion

x As only a certan numberof modescan propagate down theider, eachef these modes
carriesthe modulationsignal and eachone is incident on the boundary. ata“different
angle, they will eachhave their own individual propagationtimes. The net effect is
sprealing of pulse, this form o disgsion iscdled modal disersion.

X Modal dispersion takesplace in multimode fibers. It is moderatelypreset in graded
index fbersand almost eliminated in sitggmodestep index ibers.

X Modal disgrsion is gven by,

mZi A
Atmogal = T(:L - ﬂ)

where Atmoga = Dispersion
n; = Core rdractive index
Z = Totd fiber lengh

¢ = Vdocity of light'in ar

A= Fradiond refradive index{"‘-_ "‘j

[ a]

%,

LMy C

Putting A=

in above equation

(NAD)Z

2nq ¢

At redal =

X The modal disprsion Atmega decribes the optical pulsspreading dueto modaleffeds
opticd pulse widthcan be conerted to ekdricd rise timethrough the relationship.

trmod = 0.44 (ﬂ"tmn:u|:lELl]J.'I-|:[I:ﬁI

Signal distortion in Single Mode Fibers
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X The pulsespreading owg Over range of wavelengthsan be obtaned from cerivative of
group delay witlresped to A.

dt,,

dA

T g 5]

= L|Dwg(3"j |CF.J.

dt

WE

dA

v

A

0y

_naldz, [Vd“'i'?b}] ... (2.6.7)

cd daw?

where, —n,A[ d3(Vb)
Pus) =g dv? ...(2.6.8)

X This is the equatiorof waveguide dispersiomif unit.length.

Example 2.6.3 : For a sindgg mode ther n, = 1.48 ad A = 0.2 % operating at A = 1320 nm,

compute the waveguide desgion if V.% = 0.26.
Solution : n=1.48
A=0.2
A =12320 nm
Waveguide dispersion isvgn by,
—nmpA | d*(Vhb)
D = v
we ) ch [ dv?
—148x 02 .
[0.20]

T 3x10°x1320
= -1.943 picosec/nm . km.
Higher Order Dispersion

x Higher order disprsive effectiveeffeds are gverned by disersion slope S.
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_dD

di
where D is total disgrsion.

_ fZmc 2 4me
Also, s=(5%) B+ (57)Pa

where,
B, and B3 are oond and third order disprsion paramedrs.

x Dispersion slope $lays an important role in designing WDMsm
Dispersion Induced Limitations

X The extat of pulse broadening depends the width ad the shapeof input pulss. The
pulse broadening is studied with the help of wave equatio

Basic Propagation Equation

X The basic propagation equation which @og pulse evolutioin a sinde mode fer is
given by,

dA 0A ( if, 82 A VB, 9°A

3 T Pige iz Gt 6 o

where,
B1, B> and B are different disgrsion paramedrs.
Chirped Gaussian Pulses

X A pulseis said to b e chirped if its carrier frequencyngea with time.
X For a Gaussiaspedrum havingspedral width ¢, the pulse broadeningdor is given
by,

2 W NAS NEAS . L )
2=(1+ ﬁ‘z) + (14 v;)(ﬁ‘z) + (14cC+ v;jﬂ( Py )?ﬂ"‘

% 203 203 4,/263

Q

where, V, = 26,09

Limitations of Bit Rate
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X The limiting bitrate is given by,
4Bo <1
X The conditiorrelating bit rate-distance mrduc (BL) and disgrsion (D) is gven by,

1

.

1
EL |S|G}L ﬂﬁ

whereg Sis dispersion slope.

X Limiting bit rate a sinde mode ibers as aunction of fiber lenghfore), = 0, a &@ad 5nm B
shown in fig. 2.6.5.

Bit rate
(Gb/sec)

10*

Fiber length (km)

Fig. 2.6.5 Dependence of bit rate on fiber length

Polarization/Mode Dispersion (PMD)

x Different frequency compomg of a pulseaayuires different polarization state (swch &
linea polarization ad circular pohrization). Thisresultsin pulse broadeng is know as

polarization mode dispersion (PMD).
X PMD is the limiting factor for opticd communcaion system athigh daa rates. The

effects of PMD must be compensated.

2.7 Pulse Broadening in GI Fibers
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X The core efradive index \anesradially in caseof graded indexilbers, henceit supports
multimode popagation with a low irermodal delay distortionral high dda rate over
long distances possible. The higher order modeavelling in outer region®f the caoe,
will travel fasterthan the lower ordemodes tavelling in high rdractive indexregion. If
the index prafe is caretilly controlled, then the tansit timesof the individual mode

will be identicd, so eliminating modal diggssion.
X The r.m.s pulse broadeniiggiven as :

172

o= [orntermodal + ofﬂtermndal)
where,

Ointermad — R-M.S pulse width due to imtmodal delay distortion.

Ointermad — R-M.S pulse widthesultingfrom pulse broadening withead mode.

.. (27.1)

X  The inermodal delay and pulse broadening are rélbteexpession gven by Rrsonick.

O ntermadal [{TE} - {TE}ZJL )
Where 14 is group delay.

From this the exgession or intermodal pulse broadenirig given as:

LN,A ( g2 )1*’2
. = . =
intermodal I o 4143 cc a2

e | 10
[ 1 t T ([ 5oc+ Z)(3oc+2)
x2-F 3x—-2-2c
ll:1 = gndc, = —mm8M

X The intamodal pulse broadening isvgn as :

) _ e\ [, arg\*)
Tintramodal _(T) ((AE) ,lI

Where o, is spedral width of optcd source.

Solving the expession gives :

. (2.7.2)

.. (2.7.3)

.. (2.7.9)
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. L gd

2 —
Dintramodal

c A
{212

2.8 Mode Coupling

rizn._ o aoc? 1/2
TR Nlclﬂ(ﬂtﬂ}(amﬂ})] ...(2.7.5)

X After cetain initial length, the pulse distortioimcreases I&s rapidly beause of mode
coupling. The engy from one mode is coupled to other modsdise of:
- Strucural imperfections.

Fiber diameter variations.

Refractiveindex \anations.

Microbends incable.

x Due to the mode coupling, averagepropagaton delay bea@me less and intermodal
distortionreduces.

X Supposecetain initial coupling length =L, mode coupling lengthpver L. = Z.
Additional loss ascaiated with mode coupling i (dB/ km).

Therefore the esess dtenuationresulting ffom-mode coupling = hZ.

Theimprovement in pulsspreading bysmode coupling isigen as :
GI’.‘
r2(2) 4
Oy
wherg Cis constant indepelent of all dimensional quantisandrefractive indices.
o. IS pulse’broadening under mode coupling.

og iIsqulse broadening irbeenceof mode coupling.

x (Forlong fiber lendh’s theeffed of mode coupling on pulse distortion is significant. &or
graded indexiber, the effectof distanceon pulse broadingdr various coupling losse
are'shown in Fig. 2.8.1.
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1 h=0 Fiber
100 + parameters
h=1dB/km o
Pulse .
broadening 10 4 h =4 dB/km C=11
(ns)
0 t t e
0.1 1 10 100
Fiber length _
(km)

Fig. 2.8.1 Mode coupling effects on pulse broadening

X  Significant mode coupling occurs of connedors,.splicesand with other passive
components of an opd link.

2.9 Design Optimization

X Fedures ofsingle mode fbersare.:

- Longerlife.

- Low atenuation.
Signal tander gudity is good.
- Modal noise“is'absent.
Largest BW-distance produc
X Basic dsign— optimization includes the following :

- Cut-off wavelength.

- ,Dispersion.

-~ Mode field diametr.

- Bending loss.

- “Refractiveindex profie.

Refractive Index Profile

x Dispersion of sinde mode silica fiber is lowest at 1300 nm while its attenuation is
minimum at 1550 nm. ¢t archiving maximumransmission distance the depion null
shouldbe at the wavelertty of minimum dtenuation. The wavegjde disgrsionis easier
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to contol than the matnal dispersion. Therebre a \arety of core-cladding réractive
idex anfiguration fvers. Such as 1300 nmoptimized fers, dispersion shifted ibers,
dispersion— flattened fikers and large #ective core area féss.

1. 1300 nm - Optimized Fibers

X These are most popaly used ibers. The two onfigurationsof 1300 nm«(optimized
singe mode fitersare :

a) Matched claddingilbers.
b) Dressd claddingibers.

X Matched cladding fiers have uniform refradive indexthroughout its cladding. Tpicd
diameter is 9.0 pnand A = 0.35 %.

x Dressed claddingibers have the innermost claddg portion has-la refradive indexthan
outrcladding region. Tymid diameter is 8.4 pn and A= 0.25 %A= 0.12 %.

Fig 2.9.1 shows both types abérs.

28] 4 N P

; Ay =0.25%
a=4.5um A=0.359% a=4.20m J

Ay=0.12%

(a) Matched’cladding (b) Dressed cladding

Fig«2.9.1 1300 nm - optimized refractive index profile

2. Dispersion Shifted Fibers

f=—2a-»|

a;=3.1um

a=22pm A=12% T dum
az=58.5um J

o E

=212

l+—3—s|

fe——a3—a|
(b) Triangular

(a) Step index

Fig. 2.9.2 Dispersion shifted fibers
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x The additionof wavelengh and maternal dispersiorcan shift the ero dispersion point of
longer wavelength. Twooefigurations of disgrsion shifted ibers are :
a) Step index disprsion shifted iber.
b) Triangular disgersion shifted iber.

3. Dispersion Flattened

x Dispersion flatened ibersare more complexto design. It offers much broadeispan d
wavelengths to suit déable charaetistics. Two onfigurations are :

a;=3pum -075% a;=3.4um
a,=4.7 um

A f— ] A |e—
'<_32->|
(a) Double clad profile {b) Quadruple clad profile

Fig. 2.9.3 Dispersion flattened

X Fig 2.9.4 shows totaesultant disgrsion.

1 ;

10 r Oggr(r)'urz]g‘d Dlspersron shifted

/—7< Dispersion flattened
0]

Dispersion
-10
-20

1300 1400 1500 1600
Wavelength (nm) e=>

Fig. 2.9.4 Total resultant dispersion
Dispersion Calculations

X The total dispersion consists of matrial and waveguide dispersions. The resultant
intermodal disrsion is gven as,

dr
D(A)= KT
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where t is group delay per unit length abér.
X The broadening of an opticd pulse is gven &,
c=D() Lo
where o, is hdf power spdral width of souce

x As the disgrsion \aries with wavelenth and fiber type.Different formulaeare used to
cdculate dispersionsdr variety of fiber at diferent wavelength.

x For a non- dispersion shifted fiber beween 1270 nmto 1340 nm wavelengththe
expression br dispersion is gven as :

oor-2nfi- )]

where,
Ao is zero dispersion wavelength.

Sy is value at disprsion slop &,.

X Fig 2.9.5 shows dispersion performanceveuor non-disgrsion shifted ibersin 1270-
1340 nm region.

D = 3.5 ps/(nm : km)

e e g o

¥

Dispersion
(ps/nm - km) 0

Dispersion
performance region

D=-35ps/(nm: km)

1270 1300 1320 1340
: Wavelength (nm)
Fig. 2.9.5
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X Maximum disersion sgdfied as 3.5 ps/(nm . km) arked as dotted line in Fig. 2.9.5.
Cut-off Frequency of an Optical Fiber

X The cut-off frequencyf an optcd fiber is deemined notonly by the fber itsdf (modd
dispersionin caseof multimode fbers and waveguide disprsion in case of singe mode
fibers) but also by the amountof matenal dispersion causedby the spdral width of
transmitter.

Bending Loss Limitations

x The macobending ad microbending losses arggnificant in_single mode fbers at 1550
nm region, the lower cut-off wavelengtteffeds more. Fig.' 2.9:6.shows atmobendirg

losses.

3 4

Added loss due to macrobending
2 -

Added-loss due to microbending

Loss
(dB/km) i : Basic fiber loss
T ;7 T i T
1000 1200 140011500 1600 1800

Wavelength(nm) ez
Fig. 2.9.6 Fiber attenuation due to macrobending and microbending

X The bending losses arenttion of mode-fled diamegr, smdler the mode-fiel diameter,
the smaller thesbending loss. Fig. 2.9.7 shows loss due to modediataetr.

X The bending losses are alsodtion of bend-radiusof curvaure. If the bed radius is
less, the'lossaare more and when theadius is maoe, the bending lossare less.
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2)
-—— Macrobending loss
1.5 ¢
Loss
(dB/km) gt -=+—— Microbending loss
1 T ; 1
8 9 10 1 12

Mode - field diameter (um)
Fig. 2.9.7 Loss due to mode field diameter variation

Recommended Questions:

Briefly explain maerial dispersion with suitablesketc.
Give expession of pulse broadening graded index iber.
Stae thesignificance of mode coupling in optic fiber commeabion.

Explain in detail-the degn optimization of sing mode ibers.

a r 0N PRE

Eldorate’dispersion-mechanism in ogxi fibers.

CITSTUDENTSIN ~ Ppage95




Optical fiber communication 06EC72

UNIT -3

SYLLABUS:

OPTICAL SOURCES AND DETECTORS: Introduction, LED’s, LASER diodes, Photo
detedors, Photo detdor noise, Response time, doubledmetjunctionstructure, Photo diodes,
comprison of photo detéors.

7 Hours
RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd Keiser, 4" Ed.; MGH, 2008.
2. Optical Fiber Communications— — Jom “M.:Senior, Peason Educaion. 3¢

Impression, 2007.

REFERENCE BOOK:
1.  Fiber optic communication — Joseph € Palais:"2 Edition, Peasson Edaation.
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Unit-3
Optical Sources and Detectors
3.1 Optical Sources

x Opticd transmitter overts eledrical input signal into coesponding opticakignd. The
opticd signalis then launched into thebier. Opticd souce is the major componein an
opticd transmitter.

x Popuary used optd transmitters are Light Emitting Diode (LED) ad semiconductor
Laser Diodes (LD).

Characteristics of Light Source of Communication

X To be usgful in an opted link, alight souce reals thefollowingichaderistics:

i) It must be possible to opeedhe device continuously at anety of tempeatures for
mary years.

i) It must be possible to modidethelight output over a wideengeof modulating
frequencis.

i) For fiber links, the wavelength of the output should coincidé wheof transmission
windows br the fber type used.

iv) To couple large amoumif power into-an optiddiber, the emitting eea should besnall.

v) Toreduce magnal dispersion in‘an omé# fiber link, the output sgadrum should be
narrow.

vi) The powerrequirement ér its operation must be low.

vii) The light source must be compatible with the emdsolid stée devies.

vii)  The opticd output power must bdirectly modulated by varying the input current to
the devce

ix) Better linearity of prevent amrmonics and inemrmodulation distortion.

x) High.coupling éficiency.

xi) High optcd output power

xii)High reli ability.

xiii) . Low weight and low od.

Two types of light sources used iibér optics arelight emitting diods (LEDs) and lase
diodes (LDs).
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Light Emitting Diodes(LEDs)
p-n Junction

x Conventional p-n jurion is cdled ashomojunction as sane samiconductor material is
swed on both sides junction. The extron-hole recombination @curs in relatively wide
layer = 10 pm. As the carrers are not coified to the immeliate vicinity .of junction,
hence hi@) current densitis can not be edized.

x The carier confinement problemcan beresolved by sandiching a thin layer (=0.1 pum)
between p-type and n-type layers. The middle layer n@aymay not be doped. Thercar
corfinement occurs dudo bandgap discontinuity of the junction. Such a junctisrcal
heterojunction and the device isdled doubleheterostructure.

x In any opttad communication sstem when the reqrements is-

i) Bit rate f 100-2—Mb/sec.
i) Opticd power in tens omicro watts.
LEDs are best suitable ot source.

LED Structures
Heterojuncitons

X A heterojunction is an interface beeen two adjoiningsingle crystal samicondudors
with different bandgap.
X Heterojuctions areof twa'types, Isaype (n-n or p-ppr Antisotype (p-n).

Double Heterojunctions (DH)

In orderto achieve éficient confinement of emittedradiation doubléheterojunctions are
usedin LED strucure. A heterojuncitonis a junction formed by dissimilar senmicondudors.
Double hetergjunctionO(H) 1s formed by two differat samicondudors on each sideof adive
region. Fig«3.1.1 shows double éefunction (CH) light emiter.
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<N — INP—pe—n = lnGaAsP——-&-——- D = INP—s

1
H i
1
]

@“% % % Egzi::::‘

Electron
energy

1
i
Elgctron hole ho = 1300 nm
ng ev redombination e
]

Hol + Injected

—_—

1
1 1
i Active 4
' region !
1

Refractive 32

——eeed. e s
index F__lwaveguide region ———————"

Fig. 3.1.1 Double heterojunction (DH) emitter

X The crosshatchedegions represait the enagy.levels of freecharge.Recombination
ocaursonly in adive InGaAsP layer. The‘two neials have different bandgap energie
and different refradive indices. The changes bandgap energiegeate potential barnie
for both hols and eledrons. The free chargean recombineonly in narrow, well defined
adive layer side.

X A double hetijuction (DH) structure will confine both hole ad eledronsto a narrow
adive layer. Under forward 'bias,there will be a &rge numberof carriers ingded into
adive regionwhere they are efficiently confined. Carrier recombinationcours in small
adive regionso leading to an efficiat device Antoer advatageDH strudure is that the
adive region has 'a higherfractive indexthan the matrals on either side, hencleght
emission acurs(in an.optid-wavegiide, which serves to narrow the outpa#.

LED configurations

X At present there are two main types of LED used incabfiber links—
1. Surface emitting LED.

2. Edge emitting LED.

Both devces used a DHtructure to congtain the carrérs and the light to madive
layer.

Surface Emitting LEDs

x In suface emitting LEDs the plane of adive light emitting region is oriented
pempendialarly to the axs of the fber. A DH diodeis grownon an N-type subséte at
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the topof the diode as showin Fig. 3.1.2. A aicular wdl is etchedthrough the substte
of the dewte A fiber is the& connected to aept the emitted light.

7 Fiber

Epoxy resin bonding material

Circular etched well
Metal contact

l=— Substrate

N
I = I% P } Double - heterojunctioris
P

SiO, - isolation

Active

region Metal contact

Goldheatsink

Fig. 3.1.2 Cross-section through a typical surface emitting LED \

x At the kadk of deviceis a gold lea sink. The cuent flows through the p-type matetia
and forms thesmall circular adive regionresulting inithe intensedam of light.
Diameterof circular adive area = 50 mn
Thickness of ciralar adive area = 2.5 m
Current density = 2000 A/chrhalf-powe:

Emission pttem = Isotropic, 120beamwidth.

X The isotropic emission fiam from suface emitting LED is of Lambatian patem. In
Lambartian patem, the.emitting suface is uniformly bright, but its projeded area
diminishes asa@s0, whereo isthe ande between the vieving direction ad thenormal to
thesuface as shown in Fig. 3.1.3. Thean intersity is maximum along theormd.

Beam
intensity

Beam angle

@

Fig. 3.1.3 Lambartian radiation
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X The poweris reduced to 50% of its peek when 6 = 6, therefore the total half-powe
beamwidth is 120. The radiation pgem deddes the coupling efficienoyf LED.

Edge Emitting LEDS (ELEDs)

X In orderto reduce the lossesaused by &srption in the adive layer andto make the
beam more directiong the light is colleded from the edge of the LED. Such a device is
known & edge emitting LED or ELED.

X It consistsof an active yinction regionwhich is the sourceof incoherentlight“and two
guiding layers. The refradive index of guiding layersis lower thanadive ‘region but
higher than outersurounding mag¢ral. Thus a waveguide channisl form-and optica
radiation is directed into thebier. Fig. 3.1.4 sbws struture of ELED.

Strip contact
Guiding layers.
+yMetal contact

SiQ,isolation
l Double heterojunction layers
~— Substrate

Metal contact
—| " Heat sink

Fig. 3.1.4 Structure of/édge emitting, DH; Strip contact LED

Edge emiter’s emission piem.is more ncentrated (directiond providing impoved
coupling efficiency. The dam is<Lambartian in"the plane parkel to the junction but digrges
more slowly in theplane perpendicularto the junction. In thigplane, the am divergence is
limited. In the pe&allel plane;there is no bean coninement and the radiation is Lambartian. To
maxmize the ueful output power, a reflector may bplacal at the ad of the diode opposite the
emitting edge. Fig. 3.1.5.showeliationfrom ELED.

Active region

Fig. 3.1.5 Unsymmetric radiation from an edge emitting LED

Features of ELED:
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1. Linear relationship eveen opttd output and cuent.

2. Spedra width is 25 to 400 nmair A = 0.8— 0.9 pm.

3. Modulation bandwidth is much large.

4. Not affected by castiophic gradation mdanisms hence araeore reliable.
5. ELEDs have liter coupling efficiencyhan surface emat.

6. ELEDsare tamperaure sensitive.

Usage :

1. LEDsare suited ér shortrange narow and meium bandwidth links.
2. Suitabledr digital systems up to 140 Mbé
3. Long distance analdigks.

Light Source Materials

X The spontaneous emission doecarrier recombinationis cdled electro luminescence.
To enourage electrolumingenceit is necessary.to.sekd as appopriate semiconductor

material. The senicondudors depending on ergyy-bandgap can be categorized into,
1. Direct bandgap sg@condudors.

2. Indired bandgap seicondudors.
X Some commonlysed bandgap senicondudorsare shown in following table 3.1.1

Semiconductor Energy bandgap (eV) Recombination B, (cm® / sec)

GaAs Direct : 1.43 7.21 x 10'°
GaSb Direct : 0.73 2.39 x 10"
INAS Direct : 0.35 8.5 x 10"
InSh Direct : 0.18 4,58 x 10"

Si Indiredt : 1.12 1.79 x 10°

Ge Indiredt : 0.67 5.25 x 10+
GaP Indiredt : 2.26 5.37 x 10"

Table 3.1.1 Semiconductor material for optical sources
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x Direct bandgapsemicondudors are most usetil for this purpose In direct bandgap
saniconducdors the etdrons ad holeson either sideof bandgap have sae value of
crystal momentum.Hencedirect recombinationis possible.The reombination occurs
within 10° to 10'%sec

x In indired bandgapsemicondudors, the maximum and minimum energiesoccur at
different values of crystal momentum.The recombinationin these semicondutors is
quite slow i.e. 18 and 10° sec

x The active layer seiconductor material must havedirect bandgap. In direct bandga
semicondudor, ekedrons ad holescan recombinedirectly without reed of third marticle
to congrve momentum. Ithese maternals the opticd radiationis sufficiently high. These
materials arecompounds of groufll elements (Al, Ga, hhand group V. elemst (P, As,
Sb). Some ettiary allos Gax Alx As are also used.

x  Emission spdrum of Guix AlAs LED is shown in Fig. 3.1.6.

For =.0.08
. (Ratio of:Aluminium Arsenide
1o Galiu_m Arsenide)

N

f /
=BT L. SR

Peak Power at 810 nm

Output 0.5 + .\
power FWHM =

w36 im
b oo
I
!
I
L}
]
]
1

- ; | '
.\ 770 810 850

Wavelength (nm)

» Fig. 3.1.6 Emission spectrum of Ga;_, Al As LED

X /Fhe' & output powelis obtaned at 810 nm. The widtbf emission spdrum at hdf
power (0.5) is referred as full width haf maximum (FWHM) spectral width. For the
given LED FWHM is 36 nm.

X The fundametal quartum nmecdhanicalrelationship béwveen gap ensgy E and frequeng
Vis gvenas—

E=fw
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where, enggy (E) is in joules ad wavelengh (1) is in meters. Expressing the gap engy
(Ep) in electron volts lad wavelength X) in micromeers for this applcation.

iy 124
(um) = E, (V]

Different magrials and alloys hae different bandgap energie

X The bandgap engy (Ey) can be ontrolled by wo compositional paramets x ad vy,
within direct bandgap region. The ajtenary #ley In;, Ga, As, Py is the pincipal
material sued in such LEDs. Two esgssionrelating Eyandx,y are—

E;=1424+ 1.266x + 0266 %2 ...3.13

E, =135— 072y +0:12 y* ...3.14

Example 3.1.1 : Compute the emitted wavelendtlbm an optid source having x = 0.07.

Solution : x =0.07

E, = 1.424 +1.266 x + 0266 x*

E. =1424/+ (1.266 x0.07) + 0266 x (0.07)*

Ey=1.513 eV
1.24
Now D=
EE
L 124
1513
a=0819 "™
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A=0.82 um
.. Ans.

Example 3.1.2 : For an dloy In0.74 Gax Asosr Pos to be stedin Led. Find the waveleniy
emitted by this source.

Solution : Compmring the doy with the gartenary doy composition.

In,« Ga, As Py, it is found that

X =0.26 ad
y =0.57
Using Ey=1.35-0.72y+0.12%

Ey=1.35-(0.72 x 0.57) + 0.12 x 057

E,=0.978 eV

E

1.24
Now 3=

£ 1.24
0978

A= 12671
A= 127 pw ... Ans.

Quantum Efficiency and Power

x The inemal quantum efficiencynin) is defined as the ratiof radiative recombination
rate to'the tothrecombinatiorrate.

Ny = —2— ..3.15

Rr+Rﬂf
Where,
R, is radiative recombinationate.
R, IS nonradiative recombinationate.

If nare the egesscarriers, tha radiativelife time,z, = % ad
r
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nontadiativelife time, z, = Ki

nr

X The inemal quantum efficiency is givieas—

1
Mint =—R
1+
1
Mine = T 23.1.6

14—
T:

T

X The recombinationtime of cariers in active region ist./t is also_known asbulk
recombination life time.

1 1 1
11,1 AW,
T Ty Tge

Therefore inemal quantum efficiency is gven as~

= ,
T = ¢ 318

x If the curraet injeded inoe‘the LED.is'V'and q is eédron charge then total number of
recombinations peresond is—

R.=R_, = : From equation 3.1.5
q
—_ Rr
Tli.!'.lt - I'fq
%r “Mine = i
o
o

X Opticd power generated iatally in LED is gven as—

P

int

=R,hv

I
= [ﬂintxa)'hv
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I o
Pmt = (ﬂint xa)hi

hel
%D 0 1::':u:'n: =1 lnt'a

x Not dl intemally generated photons will al@ble from outputof device “The exemal
guantum efficiency is used to calalate the emitted power. The extemal guantum
efficiencyis defined as heratio of photons emittedrom LED to thenumberof photons
generated i@mally. It is gven by equation

= L3001

Mext nint1)®

X The optcd output power emittetom LED is given as—

P =1 Ppe

1
p=—— P
n(n+1)2 ™

Example 3.1.3 : The radiative ad non raliative recmbinationlife timesof minority cariersin
the adive region of a double heterojunction LED are 60 nsec and 90 nsec respectively.
Determine the total carrierecombinationlife time and optical power generated emally if the
pe&k emission wavelength si 870 nm and the driveemi is 40 mA[July/Aug.-2006, 6 Marks]

Solutions : Given X =870 nm 0.87 x 10m
7, = 60 ngC
T = 90 N®C

| =40 mA = 0.04 Amp.

i) Totd carrier ecombination life time:
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11,1
T 60 90
1 150
T 5400
9199 @ nsec. ... Ans.
i) Internal optca power.
hel
P’mt = ﬂlnt'a

T thel
Fine = (z) (q_l)

(30) [(5.&25 x107%)(34d0%)x 0.04

60/ | (1.602x1072)(0.87x10°%)

P _ =

int

P, =3422mW | ... Ans.

1nt

Example 3.1.4 : A doule heerunciton InGaAsP LEDoperaing at 1310 nm hasdiative and
non+adiative recmbination time®f 30'ad 100ns respedively. The currat injededis 40 Ma

Calaulate —

i) Bulk recombination life time.
i) Internal quantumféiciency.
iii) I nternal power levie

Solution : A= 1310 nm = (1.31 x 10m)
=30 ns
T = 100 ns
| = 40 MA— 0.04 Amp.

i) Bulk Recombination Life time (T) :

1

1

1
T Ty Tgr
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730 100
O OOYO nsec. ... Ans.

ii) Internal eugntum efficienty (nin) :

T

Wine = E

23.07

Mine = —30—

30

Nipe = 0.769 ... Ans.

iii) Internal pwer level (P :

hcl
1::':u:'n: = ﬂlnt'a
(6.625 x 10°>*)(3x 10%) x 0.04
P, = 0769 x . —
(1.602x1071%)(0.87 x 107%)
F_. = 2.913 mW ... Ans.

int
Advantages and Disadvantages of LED
Advantages of LED

Simple.dsign.

Eaeof manufature.
Simple sstem integration.
Low cost.

5. "High reliability.

e

Disadvantages of LED

1. Refraction of light at semicondod/air interface.
2. The averagtfe time of a rdiative rcombindion is only a few nanosecondstherefoe

nodulation BW is limited to only few hungtl megakertz.
3. Low coupling efficiency.
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4. Large chomatic disgersion.

Comparison of Surface and Edge Emitting LED

Maximum Fiber coupled power
LED type modulation Output power (mW) (MW)
frequency (MHz)
Surface emitting 60 <4 <0.2
Edge emitting 200 <7 <1.0

Injection Laser Diode (ILD)

X The laseis a devicewhich amplifies thdight, hence the LABR'is an acronym for light

amplification by stimulated emission oddiation.

The operationof the device may be dedued by the formatiorof an eédromagnetic
standing wave within a cavity (optica’ resonaor) which provides an output of
monochomatic highly @herent radiation.

Principle :

X Materal absorb lignt than emitting.Three different fundametal procesoccurs betveen

the two engyy states of a atom.
1) Absorption 2) Spontaneous-emission 3) Stimulatedsamis
Laser adion is the result of three process absorptionof erergy padets (photons)
spontaneous emissiomastimulated emissionThese processes argepresented by the
simple two-enggy-leveldiagrans).
Where E{Is the lowerstate enagy levd.

E; is the higher sta enegy levd.
Quantum theory states that any atom exists only in certain discrée enggy state,
absorptionor emissionof light causesthem to make atransition from one state to
anotter. The frequencyf the dsorbed or emittedadiation fis related to the ffierence
in enggy E betveen the two state
If E; is lowerstate enegy level.
and E is higherstate energy level.
E=(&E-E)=hf
Where, h = 6.626 x 18 J/s(Plank’s constat).
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X An atomis initially in the lower engy state, when the photon with egy (E, — E;) is

incident on the atomt will be exated into the higher engy state E, through the
absorption of the photon.

Initial state Final state

E;

Absorption

Ll o v s

Fig. 3.1.7 Absorption

X When the atonis initially in the higher emgy stae Ey it can-m&e' a transitionto the
lower enegy state E; providing the emissionf a pheton at a frequencorresponding to
E =hf. The emission proesscan occur in two ways.
A) By spontaneougmissionin which the atom returns to ‘the lower enegy stae in
random manar.
B) By stimulated emissiowhen a photon having equal egg to the difference beteen

the twostates (i — E;) interads with the atomcausingit to the lowerstate with the
creation of theeoond photon:

Initial state Final state
E, ?
1 Spontaneous
1 emission
| : AN
1
]
1\
1) Y s
Fig. 3.1.8 Spontaneous emission
Initial state Final state
=5 t
1 Stimulated
| emission
| = D ANNA—
s ANNA
|
i
Y i

Fig. 3.1.9 Stimulated emission

X Spontaneousemission gives incoherent radiation while stimulated emission gives
coherent radiation. Hence theght assaiatedwith emitted photoris of sane frequeny
of incident photon, and in s@ phasewith sane polarization.

X It meansthat when an abm is stimulatedto emit light enggy by anincident wave, the
liberated enagy can addto the wavein constructive marer. The emittedlight is
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bourced badk and forth intemally beéween two refeding surfae Thebouncing back and
forth of light wave causeheir intensityto reinforce and build-up. The resulin a high
brilliance, single frequency light beam providing amigtion.

Emission and Absorption Rates
x It N;and N are the tomic densities in the ground and é&ed stats.
Rate of spontaneous emission
Rspon= AN> 73.1.13
Rate of stimulated emission
Rsim = BN pem .. 3.1.14
Rate of absorption
Rats = B” N1 pem .. 3.1.15
where,
A, B and B’ are constars.
PemiS Spedral density.

X Under equilibrium condition thet@mic densities N and N, are gven by Boltzmann

statistics.
My _(-Eg |KgT)
(& B /7B ... 3.1.16
Na o gg by /KgT) .3 L17
N&
where,

Kg is Boltzmann constant.
T is absolute t@peradure.

X Under equilibrium the upard and downwrd transitionrates are equa
AN2+ Bszem:B’ Nlpem ...3.1.18

Spedra densitypem
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A/B 3119

Pem — (B’ B}[hh“';’ KgT _1]

Comparing spectral densty of black bodyradiation gven by Plank’s formula,

_ gmhv® /et
o = THEELE 3120
Therefae, A= p 3121
BE'=H 2.3.1.22

x A and Bare cdled Einst@’s coefficient.

Fabry - Perot Resonator

X Lasers are oscillaors operding at frequency. The o<cillator is formed by a resonant
cavity providing a seddive feedback. Thecavity.is'nermally a Fabry-Perot resonatori.e.

two pardlel plane mirrors separated by distance

Reflecting layer S 5
a ‘ >/ /Cavity ends

Active layer

confinement layer
Optical output

Semireflecting face

Yy
Longitudinal Lateral

N

Far - field
pattern

Z Transverse

Fig. 3.1.10 Fabry-Perot resonator for laser diode

Light propagating #ong the ais of the interfeometeris refleded by he mirrors backto the
amplifying medium providing optd gain. The dimensiongf cavity are 25-500 um longitudinal

CITSTUDENTS.IN Page 113



Optical fiber communication 06EC72

5-15 um lateralrad 0.1-0.2 pmranswerse. Fig. 3.1.10 shows FabPgot resonatorcavity for a
laser diode.

X The two hegrojunctions providecarier and optical @nfinement in a direction normal to
the junction. The auent at which lasing stits is thethreshold curent. Above this curent
the output poweincreases shmly.

Distributed Feedback (DFB) Laser

x In DFB laster the lasingadion is obténed by riodic varnations ofréfractive.index dong
the longitudinal dimenen of the diode. Fig. 3.1.11 shows the stune of DFB lase
diode.

Gratings
for
variation of

refractive
index

Optical

confinement

layers .

y Optical
output

Fig. 3.1.11 DFB laser diode

Lasing conditions and resonant Frequencies

X The eédromagnetic wave pagding in longitudinal direction is expsed & —
E(z, ) = I(z) é°*? ...3.1.23
where,
I(z) is opttd field intensity.
Q is optcd radian frequency.
B is propagation constant.
X The fundameniaéxpression br lasingin Fabry-Perot cavity is —
I(z) = 1(0) el shv)-=(hw) izl ..3.1.24

where,
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I' is opticd field confinement factoor the fradion of optcd power in theadive layer.
a is effective absorption coefficient of neatl.

g is gain coefficient.

h v is photon emngy.

z is distancertwverses along the &ng cavity.

x Lasing (light amplification) occurswhen gan of modes egeals above optialoss during
one round ip through thecavity i.e.z = 2L. If R; and R, are themirror refledivities of
the two ends of laser diode. Now the e=ggion br lasing expessing. is /modified

I(2L) = 1(0) el gthv) —x(hv}]] ..3.1.25
The condition of lasing tleshold is gven &—

i) Foramplitude : 1 (2L) =1 (0)
i)y Forphasee-"-=1
iii) Opticd gain at tleshold = Total loss in theavity.

ie. r Oth = 04

x Now the I&ing expession.isreduced to—

1 1
I‘gm—at—'x+£ln(Rle) ... 3.1.26

Fgq =og= o<+, 4 .. 3.1.27
where,
Aengismirror l0Ss in.lasing cavity.
X An.important conditiondr lasing to occur is that gain,>gg th i.e. threshold gain.

Example 3.1.5 : Find the optid gain atthreshold of a laser diode having following parametric
values— Ry = R, = 0.32,0. = 10cm and L = 500 pm.

Solution : Optid gain in laser diodé given by —
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r —|:=c+11( L
Bth = oL MR, Ry/

1 1
Feen =10+ o109 (0.32 = 0.32)

gy, =33.7em™1
Ans.

Power Current Characteristics

X The output optic power versus forward input current characeristics is plotted in Fig.
3.1.12 obr a typicd laser diode. Below thehreshold curent(ly) only spontaneous
emissionis emitted hencethere is small increae in optic 'power with due current. At
thresholdwhen lasing conditionsare satisfied. The/om#a powerincreasesshamly after
the lasinghreshold lecauseof stimulated emission.

X The laing threshold opicd gan (gy) is relatedubythreshold curret density (4, for
stimulated emission by ergssion—

9 =P In ' ..3.1.28

where B is constant for devicstrudure,

5+ -3
4 = 5
8 3 b &
Stimulated
Optical emission
power 2
(mW)
1 -
i VHVEY Greaal  Spontaneous
- et ~ y emission
0 50 1, 100 150

Current (mA)

Fig. 3.1.12 Power current characteristics
Fig. 3.1.12 Power current characteristics

External Quantum Efficiency
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x The exemal quantum efficiencis defined as the numbef photons emitted pereztron
hole par recombination abovéhreshold point. The ermal quantum efficiencyex is
given by —

Mo, = LEm ..3.1.29
Eth

where,
ni = Internal quantum efficiency (0.6-0.7).
Own = Threshold gain.
a = Absorption coefficient.
X Typical valueof ne, for standard semiconductor laser isanging betveen 15-20 %.
Resonant Frequencies

X At threshold lasing

2BL=2tm
where, B = % (propagation constant)
m is an integer.
OM=2L"@ &
Since C=VA
o=

Substitutingl. in'3.1.30

m=2L — ... 3.131

X Gan in any lase is a function of frequency.For a Gaussianoutput the gan and
frequency are related by exgsion-

_u:;__;_y]

g(A) = g(ﬂje[ 3132
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where,
g(0) is maximum gain.
Ao IS center wavelength in sgtrum.

o is spedral width of the gain.

x The frequency sming béween the two sacessive modes is

C

_ ... 3.1.33
av 2Lm

The wavelength Sqmng is gven as—

2Ln ...3.1.34

Optical Characteristics of LED and Laser

X The outputof laser diode dependmi the drive carent passingthrough it. At low drive
current, the lasemperates'as amefficient Led, When drive cuent crosses threshold
value, lasing action bangs. Fig. 3.1.13illustrates graph comparing opticd powers of

LED operation(due’to spontaneougmission)and laser operation (due to stimulated
emission).

Laser

Spontaneous
emission
(LED operation) [ __---- LED

Stimulated
emission
(laser operation)

Optical power 2>

Current

Threshold
current

Fig. 3.1.13 Optical characteristics of an LED and laser compared

Spectral and Spatial Distribution of Led and Laser
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x At low current laser diode ads like normal LED abovethreshold current, stimulated
emissioni.e. narrowing of light ray to a few spedra lines instead of broad spedral
distribution, exist. This enables the laser tsilgaouple to sintg mode fber and redces
the amount of uncoupledlight (i.e. spatial radiation distribution). Fig. 3.1.14 shows
spedra and spsal distribution difference between two digde

(a (b)
Fig. 3.1.14 Comparing (a) spectral and (b) spatial distribution of laser diodes

Advantages and Disadvantages of Laser Diode
Advantages of Laser Diode

Simpleecmnomic dsign.

High optcd power.

Production olight can be precisely controlled.

Can be used at high temgares.

Bdter modulation capalbty.

High coupling dficiency.

Low sgdral width (3.5 nm)

Ability to transmit.optid output povers béween 5 and 10 mW.
Ability tomaintain the intrinsic layer alacteristics overong periods.

© N OGAWNPE

©

Disadvantages. of Laser Diode

1. /At the edof fiber, a speckle géem appears asvb coherent light beans addor subtrat
their eledric field depending upon tirerelative phase

2. Laser’diodas extremdy sensitiveto overdoad curents and at high transmissionates,
when laseris required to operde continuously e useof large drive ctrent produces
unfavourable themal charaatristics and necessitates the usef cooling and power
stabilization.

Comparison of LED and Laser Diode
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Sr. No. Parameter LED LD (Laser Diode)
1. Principle of operation Spontaneous emission. Stimulated emission.
2. Output leam Non- coherent. Coherent.
3. Spedral width Board spedrum (20 nm- 100 nm) |  Much rarower (1-5 nm).
4. Datarate Low. Very high.
5. Transmission distance Smédler. Greater.
6. Temperdure sensitivity Less sensitive. More temperaure sensitive.
7. Coupling efficiency Very low. High.
3. Compatible ibers Multimodestg%i'rllld.ex multimode | Single mogeRISI\II.MuItimode
9. Circuit complexity Simple Complex
10. Life time 10° houss. 10* hous.
11. Cost Low. High.
12. Output power Lineary prg&c:erﬂ?-nal to drive Proa%(z)r\t/igtrr}]?éstﬁoﬁg.rrent
13. Current required Drive curent 50 to 100 mA p&k. Thresholdrﬁxrent 51040
14. Wavelengths avkable 0.66 to 1.65 m. 0.78 to 1.65 m.
15. Applicaions Moderde distance low darate. Long distance high data

rates.

Important Formulae for LED and Laser

LED

Eg
101 1
_—=—4+ =
T Ty Ty
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3' ﬂinr = i

he ]
4- Pmtzﬂlntxa

LASER

1 1
1. Fgﬂj =0 +EIH(R‘ R-)
2. Av=—

Z2LE

3. Ah==—

ZLE

3.2 Optical Detectors
Principles of Optical Detectors

X The photodetdor works on the pinciple of‘optical absorption. The nmarequirement of
light detectoror photodectois its fast response. &t fiber optic commurgaion purpose
most suited photodeedors are PIN - (p-type- Instrinsic-n-type) diodes and APD
(Avalanche photodiod

x The performanceparameetrs -of .a photodetectorare responsivity, quantumefficiency,
response time and dark rcant.

Cut-off Wavelength (A.)

X Any paticular seniconductorcan absorb photowver a limited wavelerty range. The
highest wavelengthis known as cut-off waveletly (A.). The cut-off wavelengths
determined by bandgap engy E; of materal.

g ..321

where,
Eg ineledron volts (&) and
A¢ cut-off wavelength isnpm.

Typical valueof A for silicon is 1.06 pn and br gemanium it is 1.6 m.
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Quantum Efficiency (n)

X The quantum efficiencys define as the numbeosf eledron-hole carier par generated
perincident photon of engy h v and is gyen as—

Number of electron hole pairs generated
1'| =

Number of incident photons

I, /q
= =
¥ P/ BV 322

where, L is average photocurrent.
P is awerage optta powerincident on photodetior.

x Absorption codficient of maernal detrmines the quantum-efficiency. Quantum
efficiencyn < 1 as # the photonancident will not.generéee-h pais. It is normally

expessed in percentage.

Detector Responsivity (1)

X Theresponsivityof a photodetdor!is the ratio of the curent outputin amperesto the
incident optcd powerin watts. Responsivity is denatby H.

I
R=—= ...3.23
Bin
But n = ]P_q = ]j h_'V
Pip—hw q *in
1
—p _ 09
© o e ...3.24
A
mnq nq
= —= —
w w

Therefore o = EM
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X Responsivity iyes tranfer characteristicef deedor i.e. photo cuent per unitincident
opticd power.
x  Typicd responsivities of pin photodiodare —
Silicon pin photodiode &00 nm —0.65 A/W.
Gemmanium pin photodiode at 1.3n—0.45 A/W.
In GaAs pin photodiode at 1.311+—0.9 A/W.

5.4 x10°%
6 x 10°

"'r'l =
n=09=9019% ... Ans.

X r photodetdors are suedAs the intensity of opticadignal at the@caver is very low, the

detedor has to meet high performancegfcations.

- The conversion efficiency must be higt theoperating wavelength.

- Thesped of response mudie high enoughto ersue that signal distortion does not
oceur.

- The deedion pracessintroduce the minimum amount of noise.

- It must be possibleto operae continuously love a wide range of temperatures for
mary years.

- The deedor size must be.compatible with thiédr dimensions.

X At present, these requirementsare met by reverse biased p-n photodiods. In these
devices, the seniconducbr makrnal absobs a photonof light, which excites an edtron
from the valence bad to the conduction bad (oppositeof photon emission). The photo
generateckledron\leavesbehind it a hole, and so ead photon generatedwo charge
carriers. The icreases the matial conductivity ® cal photoconductivity resulting in an
increase in‘the diode ment. The diode equation is modifiesl-a

Lyoge = (Ig +1.)(e¥a/"kT — 1) ..3.26
where,
l4is dark current i.e. current thiaflows when no signal is present.
Isis photo generated current due tadent optical signia

Fig. 3.2.1 shows a plot of this equatiam ¥arying amounts ofncident optca power.
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Current

—» Voltage

/d Region 1

Increasing
optical
power

Region 3
Fig. 3.2.1 V-l characteristics of photodiode

X Three regionan be sea forward biasyeversebiasand avalane breakdown.

i) Forward bias, region 1: A changein inCident powercauses a chagein teminal
voltage, it is cdled asphotovoltaic mode. If the'diode'is operated in this mode, the
frequency response of the diode is poor.and so phot@vofteration is reely used in optich
links.

i) Reverse bias, region 2 /A changeinopticd power producesa proportional
changein diode current, it is cdled as photoconductive mode of opeation which most
detedors use. Under these candition, the exponentialterm in equaion 3.2.6 bemmes
insignificant and theeversebias curent'is gven by-

Idlcn:]e = (Id + Is)

X Responsivity  of photodiodeis defined as thechangein reverse bias current per unit
change in opta powryand so efficient deitors real largeresponsivities.

i) “Avalanche breakdown, region 3 : When biased in thigegion, a photo generated
eledron-hole par causes avalahe breakdown, resultingn large diode for a sirlg incident
photon. Avalance photodiodes (APDs) operae in this region APDs exhibt carrier
multiplication. They are usually very sensitive éebrs. Unfortunately V-I chaaderistic is
very steep inthis region and sothe bias voltage must be tightly controlled to prevent
spontaneous breakdown.

PIN Photodiode
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x PIN diode consistsf an intrinsic seiconductor sandwiched tveeen two kavily doped
p-type and n-type seiconduc¢ors as shown in Fig. 3.2.2.

Intrinsic layer

i

T AN iy
gorbents | | |

voltage — hy §RL Ve
T photons ‘

Fig. 3.2.2 PIN photodiode

x  Suficient reverse voltagds appliedso asto kee intrinsicregionfreefrom carrie, so its
resistance is hig, most of diode voltage appes-acoss it, ad the ekdrica forces ae
strong within it. Theincident photons give up:tlieenegy and excite an eddron from
valanceto conduction band. Thus a freee@fon-hole par is generatedthese are cdled
asphotocarriers. These cargrs are colted across theeverse biased junctiomesulting
in rise in curent in extern&circuit caled photocurrent.

x In the d@snce oflight, PIN photodiodes behavesdticdly just like an ordinary redier
diode. If forward biasedthey conduct largeraount of curent.

x PIN deedors can be operatedn‘two modes Photovoltaic and photoconductive. In
photovoltac mode,no biasis appliedto the degédor. In thiscase the detectoworks very
slow, and outputis approxmately loganthmic to the inputlight levd. Red world fiber
optic receiers never use the photovdittanode.

X In photoconductivemode, the detedor is reverse biased.The outputin this caseis a
current thatis verylinea /with the input light power.

X The intrinsic regiorsome what improves the sensitivitgf the dewvte It does not provide
intemal. gain." The combination of different semicondudors operating at different
wavelengthsallows the sekdion of matkrnal cgpable of respondingto the desired
operaing wavelength.

Characteristics of common PIN photodiodes

Sr. No. | Parameters | Symbol Unit Si Ge InGaAs

1. Wavelengh A g m 04-1.1 0.8-1.8 1.0-1.7
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2. Reponsivity R AW 0.4-0.6 0.5-0.7 0.6-0.9

3 Quantum H % 7590 | 50-55 | 60-70
efficiency

4, Dar current lq nA 1-10 50- 500 1-20

5. Rise time T, nsS 05-1 0.1-0.5 0.02-0.5

6. Bandwidth B GHz 0.3-0.6 0.5<3 1-10

7. Bias Vi v 50— 100 |4\5- 10 5-6
voltage

Depletion Layer Photocurrent

x Consider aeversebiased PIN photodiode.

Negative voltage

p i n
Depletion layer

<R A0 == ()

Ll‘g?f:st Electron O— Hole
diffusion Carrier drift diffusion =

Fig. 3.2.3 Reverse biased PIN diode

X The totd current-densityhrough depletion layer $ —
Jior = Jir - iee ... 3.2.7
Where,
Jir is drift current densioty duéo cariers generated in géetion region.
Juirr is diffusion curent density due to casis generated outside letion region.

X The drit curent density is expesed & —

I
P
]dr__
A
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Jar = a0, (1—e™7") ..328
where,
A is photodiode area.
€y is inddent photon flux per unit area.

x Thediffusion curent dersity is expesed & —

= x!LE —bow EE
Jar = a0, 1+=‘stE ¥ 4+ qPfy, L ...3.29

where,

D, is holediffusion cefficient.

P, is hde concentration in n-type matral.
Pno is equilibrium hde density.

Substitutingin equation 3.2.7, total crent density througmeversebiased dpletion layer

N D
]tc\t =q q}g. [1 | }—ﬂ_ anu}I: ...3.2.10

1+ ok,
Response Time

x Fadors that degmine theresponse timef a photodiodere -
i) Transit timeof photacarriers within the dpletion region.
i) Diffusion timeof photocarmers outside the gdetion region.
iii) RC time constant of diode and extd circuit.

x The tansit time“is gven by—

td:v_& ... 3.2.11
X The diffusion process is slow and diffusion times are less than carrier drift time. By
consicering the photodiodeesponse time theffed of diffusioncan be calalated. Fig.

3.2.4 shows theesponse timef photodiode which is noufly depleted.
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100 % fr=m=====mmmmmmmmmmmmmm oo mm e

Slow carrier
response

Output 50 % T

Fast carrier response

0 10 10 103
Fig. 3.2.4

x The deedor behave as a simple low EsRC filter having paband of

1

N= ... 3.2.12

In Ry CT

where,

Ry, is combination inputesistance ofoad and amplifier.

Cq is sum of photodiode and amplifier eagpance.

Example 3.2.5 : Compute the bandwidth of a pbdetedor having paramets as—

Photodiodecgpadtance = 3 pF

Amplifier cgpadtance = 4 pF

Loadresistance =50 Q.

Amplifier input resistance 94 MQ

Solution : Sum of photodiode and amplifiegpadtance
C;=3+4=7pF

Combination ofoadresistance ad amplifier and input resistance

Rr=50Q||[1MQ~50Q

1

Bandwidth of photodetectorB = ——
P 27 Re Cr
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1
M50 x7x10"®

B = 454.95 MHz ... Ans.
Avalanche Photodiode (APD)

X When a p-n junctiodiodeis applied with high resrse bias breakdown can occur by two
separate echanismsdired ionization of the lattice atoms, zendireakdown.ad high
velocity carriers impad ionization of the lattice atoms cdled avalantie breakdown.
APDs usesthe avalantie breakdownphenomea for its operation. The APD" has its
intemal gain which increases itssponsivity.

x Fig. 3.2.5 shows the schematic strucdure of an APD. By wirtue of the doping
concentration and physica constructionof the n* p junction, the eédric filed is high
enoughto cause impad ionization. Under normal.operating bias, the I-layer (the p
region)is completely dpleted. Thisis known asreach through condition, hence APDs
are also known sreach through APD or RAPDs:]

’ E ¢ field/

_________________ Avalanche region
Gain p

4 ] min.ﬁeld needed for
Absorption p () impact ionization

Fig. 3.2.5 APD schematic and variation of E-field across diode

x  Similarto PIN photodiodeljght absorptionin APDs is most efficiat in I-layer. In this
region, the E-fill separates the cagrs and the ekdrons drift into the avalanche region
where carrier multiplication occurs. If the APD is biased close todakdown, it will result
in reverse le&kage curren Thus AMDs are usually biased just belowebkdown, with the
bias-voltage beintgghtly controlled.

X The multiplcaion for all carrers generated in the photodiode igem as—

M= ..32.13

Ip

where,
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Iv = Average value of total multiplied output current.
I, = Pimary unmultiplied photoauent.

X Responsivity of APD is giveby —

nq
Rapp = hv M
nqi c
mapnzhvm V= 2
Rapp =Hs M ...3.2.14
where, Ho = Unity gainresponsivty.

MSM Photodetector

X Metal-seniconducdor-metal (MSM) photodetdor ‘uses a sandviched semiconductor
beween two metals. The middle seconductor layer ds as opttd absorbing layer. A
Schottky barrier is formed ateadh metal saniconductorinterface (junction), which
prevents flow of eédrons.

X When opticd poweris incident on it, the eédron-hole pairsgeneratedhrough photo
absorption flow tovards metaconiads axd causes photocurrent.

X MSM photodetdorsare manufactured usingdifferent combinationsof semicondudors
swch as— GaAs, InGaAs; InP, InAlAs. &h MSM photodetdors had distinct feares
e.g.responsivity quantum efficiency, bandwidth etc.

X With InAlAs based MSM photodettor, 92 % quantum efficienogan be obtaed at 1.3
um with'low. darkyeurrent. An inverted MSM photodeedor shows high responsivity
when'illuminatedrom top.

x A.GaAs based device withaielling wave structure gves a bandwidth beyond 500 GHz.

Important Formulae for PIN and APD
PIN photodiode

1.2
1. 4, =12
Eg

i’
2. n=-2%
P,/hv
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3. R="12-%
) I
APD
1. B= —
In Rt CT
Questions

Optical Source

arwbhpRE

o

~

10.
11.

12.

List the chracteristics oflight sourcesequired in optcd communcation.

Desribe the construction and workired LED.

Explain thestrudure of suface emitting and edge emitting LEDs:

Compare the performance pararaes of suface emitting’ED and edge emitting LED.
Deducethe expression atintemal quantumefficiency ad intemally generatedoptical
power for LED.From this expession how ex@md efficiency.and poweis cdculated?
Explain the principle of laser action. Explain’alse the spontaneousand stimulated
emission proess.

Give the nea=mary conditions dr lasingthreshold.

Explain thestructure of —

i) Fabry-Perot resonaor.

1)) DFB laser diode.

Derive expession br lasing condition and hencerfopticd gain.

Explain the power currercharacteristics of laser diode.

Give the exqession br -

i) Extemal quantum efficiency

i) Frequencyspacing

iii) Wavelength spacing.

Stae thesignificance -ofeadrparameter in the exgssion.

Compare the parameters of I[DEand LASER.

Optical Detector

1.
2.

N U AW

With a poper sketch briefly eplain thestructure of PIN diode.

BE>plain the following tem relating to PIN photodiode with pper expessons.
i) Cut-off wavelength.

M) Quantum efficiency

iii) Responsivity.

Explain thestrucure and principle of working of APD.

Deduce the exgssion for tothcurrent density for AB.

How theresponse timef APD is estimated?

Give expession br passband of APD dettec.

Compare the performance parareet of PIN ad APD.
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UNIT -4

SYLLABUS:

FIBER COUPLERS AND CONNECTORS: Introduction, fber alignment and joint.loss,
singe mode fiber joints, fber splces, fiber mnnedors and fber coupérs.

6 Hours
RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd Keiser; 4" Ed., MGH, 2008.
2. Optical Fiber Communications- — John'M. Senior, Peasson Education. 3

Impression, 2007.

REFERENCE BOOK:

1.  Fiber optic communication — Joseph C Palais:"4 Edition, Peason Edaation.
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Unit-4

Fiber Couplers and Connectors

4.1 Fiber Alignment

x In any fiber optic communéion system, in orderto increaseiber lengh there is need to
joint the lengh of fiber. The interconedion of fiber causes some lossf opticd power.
Different techniques are usedto interconned fibers. A permanat jointtof cable is
referred to & splice and a tempoary joint can be done with the contiec

X The fraction of enegy coupledfrom one fber to other proportionato common mode
volume Mommon. The fber—to — fiber coupling efficiencys given as—

— Meommon ...(4.1.1
Mr Mg ( )

where,
Mg is numberof modes iniber which launchepower inte.nexfiber.
X The fber- to - fiber coupling loss kis given as+
Lr = -10logne ..(4.1.2)
Mechanical Misalignment

The diameter offiber is fewdmicrometerhencethe microscopic alignmet is required. If the
radiation cone of emitting fiber does not match thegatance conef receiving fiber, radiation
loss takes place Thesmagnitudeof radiation loss dependson the degre of misalignment.
Different types of mdanca misdignments are shown in Fig. 4.1.1.
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7% % g

A)::lerla il : Fiber - 1 H //ZT
misalignmen

7 Fiber - 2

V7%
S —of

Gt 7777772
B) Longitudinal
misalignment

7 Z

C) Angular
misalignment

Fig. 4.1.1 Mechanical misalignment between two fibers

1. Lateral misalignment
x Lateral or axial misdignment .ocaurs when the axes of two fibers are separaté by
distance'd’.
2. Longitudinal misalignment
x Longitudinal misalignment occurswhen fibers have same axes buttheir end faces ae
separated by distancg™.
3. Angular misalignment
X Angular misalignment accurs when iber axes ad fiber end facesare no longer parkel.
There is.an anig ‘6’-between fiber end facs.
X The axialor lateral misalignmet is most common in praice causing considerable powe
loss. The axial‘thset redaes the common cerarea of two fiber end faces as shown in
Fig. 4.1.2.
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a\ Y/a

I
i
|
1

Fig. 4.1.2 Axial offset of fibers

X The optcd power coupled is proportional to common area of tiverfcores. The
common areg given by expession—

142

A = 2a“ across%— d (32 > ... (4.1.3)

cCommon "

where,
a is core radius offer.
d is separation of core axe

X The coupling efficiencydr.step index fber is theratio of common core area to thece

face aea
— Acnmmc\n
Tetep Ik
=z aCross 4 ° 1 (i)z]m
TlBtEF' 7 Za Ta Za (414)

x Forgraded indexilber, thetotd received power ér axial misdignment is gven by —

i3

P{acmssi— [1— [i)] " 2(s_ d’;]} ... (4.1.5)

8 8

where,
P is the power in emittingtfer.

When, d << a, the above egpsionreduces to

CITSTUDENTSIN — Pagel35



Optical fiber communication 06EC72

p=P(1-2) ... (4.1.6)

Jmg

Fiber Related Losses

X Losses in fiber cabdalso causes due to d#rences in geometrd and fibe
characteristics.
Theseincludes,
- Vairation in core diameter.
- Corearea ellipticity.
- Nunericd aperture.
- Refractive- index profle.
- Core-cladding conentricity.

The user have $scontrol overthesevariations sincéhey are related to mafacturing
process.

x Coupling loss whe emitter fber radius a& and receivingiber radius & is not same, is
given &—

2
— o’ v
L, (a)= 10 log (‘1}3] foray < ar

0 forag = ag

.. (4.1.7)

where,
& is emitter fber radius.
ar is receaver fiberradius.

x Coupling loss when'nuencd apertures of two filers are not equal, to exgsed & —

Nag (0}
NAg (o)

|, For NA, < NAg
0, for NAp = NAg

... (4.1.8)

x Coupling loss whecore refadive indexof two fibers are not same, is esgsd as

101 m’ <
LF(ocj=[ 08z (xpray’ 1T Rz ... (4.1.9)

0, for xgp=0

Fiber End - Face Preparation
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x Before @nneding or splicing fiber ends must beqpeny faced to avoid losseand to
improve the coupling efficiency. The eraités should be polished untill @he scratche
are removed and they become smooth.

X For cleaving ibers controlled frature technique is used. The process invali@lowing
steps.

1. The iber is scatched to create siressconcentration at thesuface.

2. Hber is then bent over a curved form with applied tam$d producesiress
distribution.

3. Maximum gtess @curs at scratch point and craskarts piopagdingthrough fber.
Fig. 4.1.4 shows theoctrolled fracture techniquedr preparing fiber end.

Scoring blade

ot ——

- \ S

Applied tension e I Applied tension

Fig. 4.1.‘3 Controlled fracture technique

Precaution

x If thestress distribution is not piperly controlled, foer can fork into severacracks,
vanous types of defects can be intraddi in the fiker, few of them are mentioned here.

Sr. No. | Defect Type Description
. A shamp protrusion, thatnevents the core from coming to close
1. Lip
coniad.
2. Roll off Rounding-off of the edgef fiber.
3. Chip A locdizedfradure.
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4. Hadle Irregularities acrossiber end.

5. Mist Similar to fadcle.

6. Step An abrupt change innel face suface
7. Shdtering Result of uncontrolled &ure.

4.2 Fiber Splices

X A pemaneit or semiperman@&t connectionbeween two (individual ‘opticd fibers is
known & fiber splice. And the pra@ess of joining two ibers iscdled & splicing.

x Typically, a splicas used outside the buildings andcedors are usetb join thecables
within the buildings. Splices offer lower attenuationand lower back reflection than
conredors and are less expensive.

Types of Splicing

X Thereare two main typesf splicing
i) Fusion spling.
i) Medhanical splicing / V'groove

Fusion Splicing

X Fusion splicing involves butting twoeghed fber end faces ad heaing them untilthey
melt togeher or/fuse.

x Fusion splicings normally done with a fusion Bper that controls the alignnme of the
two fibers to lkee lasses as low as 0.05 dB.

X Fiber ends are-first prealigned and butted together under a mcroscope with
micromanipuldors. The butted joinis heaed with eédric arc or laser pulséo mdt the
fiber ends so can be bonded tige Fig. 4.2.1 shows fusion splicireg opticd fibers.
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Electric arc or laser

@ fusion welder /7
&_4515/ /lﬁm #j;_//

0/
Optical fibers {
to be spliced .

Micromanipulatable fiber holders

Fig. 4.2.1 Fusion splicing of optical fibers

Mechanical Splicing / V Groove

X Medanical splices join two fibers togeher by clampingthemwith a structure or by

epoxying theibers togetler.
X Medanical spkes may hae a slightly higher.loss.ad bad refledion. These can be

reduced byinserting index matching de
x 'V groove nechanicd splicing provides a temporary joint i.éérs can be disgembled if
required. The fber endsare buttedtogeherin.a’Vv — shaped groove as shown Fig.

4.2.2.

Fibers to be spliced

V grooved
substrate

Fiber ends
epoxied or
clamped here

Fig. 4.2.2 V groove optical fiber splicing technique

X The splice loss dependa fiber size and ecentricity.

4.3 Source-to-Fiber Power Launching

x Opticd outputfrom a urce is measured in radiance (B).Radianceis defined asthe
opticd power raliated into a solid ahg per unit emittingsuface area. Raianceis
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spedfied in Watts/cniSteradia. Radiane is important for defining source to fiber
coupling dficiency.

Source Output Pattern
x Spadial radiation patem of source helpso determine the powerceepting cgpability of

fiber.

x Fig. 4.3.1 showshree dmensional spéricd co-ordinde system r chaaderizing the
emission pdem from an optcd source Where the polar axis normal to. the:emitting
suface and rdiance is aunction of6 and€.

Emitting area of source

Fig. 4.3.1/Dimensional spherical co-ordinate system

X The Lanbartian output by surface emittingeD is equally brigpt from any direction. The
emission pdaem of Lamkartian output is shown in Fig. 4.3.2 and its output is

B(0,9)"= Bocos 0

where,

Bo is theradiance #ong-the normal to theradiating suface.
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Radiance B (6,0) in parallel plane
Radiance B (9,90°) in normal plane

Optical
source

V (0]

Lateral output of laser diode

LED pattern

Fig. 4.3.2 Radiance pattern of Lambartian source

X Both radiations in pardlel and normal to the emitting, plane are approxmated by
expression—

1 sin®) n co5) ... (4.3.2)

B(84) Bycos'@ ' Bycostd
where,
T and L are tansveseand lateral power distribution coefﬁcients.
Power Coupling Calculation

X To cdculate power oupling into the iber, consider an optd souce launched into the
fiber as shown in Fig<4.3.3.

Radiation pattern

rf}/- 720 : A
/// //&5 ot Cladding

Soptg.iael Core
", R
CZ %, .//// / ~  Cladding
Lost power

Fig. 4.3.3 Optical source coupled to fiber

X Brightness of source is engsed & B(As, Q5),
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Where Aqis areaof souce
Qs is solid emission arg of source.
The coupled power Pan becdculated 3 —
P= jﬂf dA, fﬂz df, B(A_D,)
p=[ " [j[f“c [7=== B(8,0) sin6 dO dq}] de, rdr ... (4.33)

The integal limits are areaof source and solidccgtance anig (Oomay-

Here dOs rdr is incrematal emitting aea

x Let theradius of suface emitting ED is rs, and for.Lambartian emiter, B(0,€) = Bycos

0 then
P= _Ir[: _r;ﬂ {211: B, fDD'““ cost sinb dﬂ) do_ rdr
P= B,],.’.I'E_r;! f;ﬂ sin®® 0y, dB fdr
P = By.m [, %" NAZ d8rdr ... (4.3.4)
Since NA = n§\24

Power coupled to step~index fiver

x For step index iber NA'is not depadent on 05 and r. Therefore IED powerfrom step
index fberis,

PLap, Step = m'r2B,(NA)®
PLep, Step = 271 B, (n] A) ... (4.3.5)

x Consider optid power R emittedfrom souice are As into hemisphere@@®S).
P=4, [ [ B(8,0) sin d8 do

p=Tm ri2mB, f;ﬂz cosb sinB db
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... (4.3.6)

] "
P, =m~.rZB;

X When sotce radius k <a, the iber core radius, the HD output powe is given from
equation (4.3.5).

P, Step = P,(NA)* ... (4.3.7)

X Whenrs> a equation (4.3.5)daomes,

7. (4.3.8)

32 .
PLEDJ StEIJ = r_ 'Ps (NA}.

B

Power coupled to graded index fiber

x In graded index iber, the indexof refraction variestadially from fiber axis. Nurericd
aperture for graded indexilber is given by,

P.en,Step = 277 By fuh [22 @ — njlrar

2 o
Poep,Step = 277 r2B, nT & {1— (E) J

a+2 ‘a ... (4.3.9)

Is sourceradius (rs) is lessthan fiber core/radiuga) i.e. K <a, the power coupleffom suface
emitting LED is give as—

x For coupling maximum poweto fiber, the efractive indexof the medium sepatiag
souce and fiber mustbe same, otarwise there will be losof power. The power couple
is reduced by facor;

-

R=(=2) ... (4.3.10)

ny i

where,
n is the refadive indexof medium.
n IS the refractive indewf fiber cae.

R is the Frerel reflection or reflectivity.

4.4 Lensing Schemes for CouEIing ImErovement
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X When When the emittingrea of the sourcas sneller than the coreareaof fiber, the
power coupling efficiency keames poor. In orderto improve the coupling #iciency
miniature lensis placed béween source ad fiber. Microlens magnifies the emitting area
of souce equal to core area. The power coupled increasesby a fador equa to
magnification factoof lens.

(See Fig. 4.4.1 on nepage)

x Important types of lensing schesae :

Rounded end fber.

Splericd — sufacal LED and $herical-ended fber.
Taper aded fber.

Non imagingnicrosphere.

Cyindricd lens,

Imagingsphere.

A A

Fig. 4.4.1 shows thersing schems.

X There are some thwbacks of using lens.
1. Complexityincreass.
2. Fabrication and handling tliculty.
3. Precise echanicd alignment is eeled,
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Nl

i
1. Rounded - end fiber 7 (
S

3. Taper - ended fiber

4. Non imaging micro - sphere

O

6. Imaging sphere 7!/4 O

Fig. 4.4.1 Lensing schemes

2. Spherical - surfaced LED
and spherical ended fiber
—
%

5. Cylindrical fens

W

4.5 Equilibrium Numerical Aperture

X Thelight source has a shoibér flylead atachedto it to facilitate coupling the source to

a sytem fiber.

The low coupling'loss, this flgkd should be annededto system fber withidentica NA

and core/diameterAt-this junctioncertain amountof opticad power appoximately 0.1 to

1 dB.s lost, the ead loss dependsn methodof conreding. Also exces power loss

ocaurs due to mon ppagating modes sttaring out of fber.

X (The exesspower losss to be analyzed carefly in designing optca fiber system. This
excess loss is shown in terms @dér numerichaperture(NA).

omstuoentsN . Paeiss
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040 L
0.35
0.30

Numerical

aperture 0.25

(NA)
020 | NAgq
0.15 o i '

0 50 100 150

Fiber length (m) EEE»

Fig. 4.5.1 Change in NA as a function of fiber length

X Numericd apeture at input light acgptance side is denoted bByAi,. When light emitting
area LEDis lessthan fiber core cross-sectional atéan power coupledo the fber is
NA = NAi..

x If the optical povers of measured in long fiber lengths under equilibriurof modes, the
effectof equilibrium nunerica aperture NAgyis significant. Optcd power at this point is
given by,

Foq = Py E:%:’]E ...(45.1)

where,

Pso is optcd powersin fber at 50°m distanceom launch NA.

X The degree omode coupling is manly dedded by core— cladding indexdifference.
Most optcd fibers @tain 80 — 90 % attheir equilibriumNA after 50m. Hence NAq is
important whilecaculating launched optid power in teecommuncation systems.

4.6 LED to Fiber Coupling

x The.edge-emitting ED have Laser like output henceen launch sufficient optcd powe
for the daarates upto 56Mb / secover seveal kilometers. Also LEDsare cost effetive
andreliable.

x The LED to step indextfer coupling efficiencys given by,

p="2n ... (4.6.1)
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I .. (46.2)

where,

P, is optcd power lainched into iber.

Psis total souce output power.

1, IS directiond coupling efficiency in paikel direction.

1, is direction&coupling efficiency in pipendicular direction.

4.7 Laser Diode to Fiber Coupling

X The edge emitting diodes yeemission pdem full width at hdf _max}mum (FWHM) at
30- 50 in theplane perpendialar to adive — area junction iad an FWHM of 5— 10°in
plane pardlel to junction.

X An angular output distribution of lase is greaer.than fiber aaceptance ande laser
emitting areas much small er than cross-sectiorof fiber cae, spherecd/cylindricd lenses
can be used employed fanproving coupling &iciency.

x The coupling efficiency for a suface emitting LED as a function of emitting area
diameter ér a fiber with NA = 0.20 ad coreradius a = 25 pm is shown in Fig.7.1.

1007

Fiber : NA =0.20

YA Q=25um

)

Coupling
efficiency 20 1
(%)

0 10 20 30 4:9-“‘ 50
- Emitting area diameter (um) =
Fig. 4.7.1 Coupling efficiency Vs emitting area diameter

4.8 Fiber Connectors
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x Conredors are mechanmss or tedhniques usetb join an optcd fiber to another iber or
to a fber optic component.

x Different connedors with different characteristics, advatagesand disadvantagesand
performance parameers are avalable. Suitable conredor is chosen as perthe
requirement and cost.

x Varous fiber optic onnedors from different manufactures are aviéable 1A 906, ST,
Biconic, FC, D4, HMS-10SC FDDI, ESCON, EC/RACE, LC, MT.

x Three different types of corettors are useddr conreding fiber opticcables. Theeare—
1. Subesriber Channk(SC) conredor.

2. Staight Tip (ST) connedor.
3. MT-RJ conedor.

x SC conedors are general purposemedions. It has push-pull'typecking sytem. Fig.

4.8.1 shows SC coeqaor.

Fig. 4.8.1 S€ connector for fiber cable

x ST conredors are most suited for networking devices. It is more reliable than SC
conredor. ST comedor has bagret type locking systa. Fig. 4.8.2 shows ST

conredors.

Fig. 4.8.2 ST connector for fiber cable

X MT-RJ conedor is similar to RJ45 comtor. Fig. 4.8.3 shows MT-RJ coador.
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RX

>

Fig. 4.8.3 MT-RJ connector for fiber cable.

Principles of Good Connector Design

1.

> W

7.

8.

Low coupling loss.

Inter-changeability- No variation is loss whenever a connector is applied ibe.f
Easeof assenbly.

Low environmatal sensitivity.

Low cost— The @nnector should be in expensive also the tooling requoetitting.
Rdiableoperation.

Eaeof conredion.

Reaability — Connection/and reonedion many times without an inegsein loss.

Connector Types

x Conredors usewvarety of techniquesfor coupling such asscrew on, bayonet-mount,
puch-pull @nfigurations, butt joint and expaled keam fiber connetors.

Butt Joint Connectors

x [ Fiber is.epoxied into precision holend ferrules are used for eachifer. The fbers ae
seaured in a precision Bgnment sleeve. But jointsare used for single mode as Wwas for
multimode foer systems. Two commonlysed butt-joint ignment dsignsare :

1. Staight-Sleeve.
2. Tapered-®8kve/Biconcd.

X In straight sleeve mechanism, the letigof the skeve and guided ferules deg¢mines the
end separation of two fis. Fig. 4.8.4 shows slight sleeve dignment mechanism of
fiber optic onnedors.
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Alignment sieeve

Fiber Guide ring

Ferrule

Fig. 4.8.4 Straight sleeve connector

X In taperedsleeve or biconicad connector mechanism,a. taperedsleeve is used to
acommodae tapered fewrles. The fber end sepaations are deemined bysleeve length
and giide rings. Fig. 4.8.5 shows tapered géeber.connetors.

Aligriment sigeve

Fiber

Ferrule

Fig. 4.8.5 Tapered sleeve connector

Installing Fiber Connectors

X The methodf atacing fiber optic conneorsto opticd fibers various among annedor

types. Followingare the basisteps br installing fbers —

) Cut thecable oneinch longerthan the requied finished length.

D)) Caretilly strip the outeradket of the fber with ‘no nick’ fiber strippers. Cut the
exposed sength menbers andremove fber coating.

iii) Thoroughly clean the bad fiber with isopropyl alcohol poured onto atsdint
free cloth sul as kimvipes. Never clean thibdr with dry tissue.

iv) The connector malge atached by applying epoxgr by crimping.

V) Anchor thecable strength menbers to the corner body. Thisrgventsdirect stress
on the iber.
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Vi) Prepare the fber faceto achieve a god optical finish by adaning and polishing
the fber end.

Connector Return Loss

X At the conedion pointof opticd link low reflectance levis are dsired snce the optd
reflections can be soure of unwantedfeed bad into the laser cavity. Due to this
unwanted feelbad the optcd frequeny response may degde, alsat generates istmal
noise within the souce affeding overdl system performance.Fig: 4.8.6 shows the
conredion modé

High refractive - index

Incident light -

- Transmitted light
Reflected light {

//

-

AN

AN

—> bgs—d

Fig. 4.8.6 Reflections from fiber end faces

X Thereturn loss for thedindex-matched gap regioniiseg by,

RgA —10L0g {2R [1 - cos (2222)]} .. (4.8.1)

where,
D is theseparation heeen fiber end.
n, is index-matching matria

R is‘refedivity constant.

Recommended Questions

1. Staethe consideration®f power coupling andgwer launching in a iber optic sgtem.
2. Derive the expession br power coupling to atep index iber by a stface emitting LED.
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3. Dernive the expession br power couplingo a graded indexilfer by a surface emittin
LED.

4. BExlain various types of midegnments iniber cebles.

5. Derive the expession br power ecaved by fber for axial misdignment.

6. Give the exyessions 6r varous fber-related losss.

7. Staéethesteps involved in daving proceas

8. BElain controlled fracturesthnique of cleaving.

9. Define finer splicing Explain different typs of spliang.

10. Staethe consideration®f power coupling andgwer launching in a iber. optic.Sgtem.

11. Derive the expession br power coupling to atep index iber by a stface emitting’ LED.

12. Derive the expession br power couplingo a graded indexilfer by a surface emittin
LED.

13. Stéethe fators on which the power launching capabibfysource:is depweent.

14. Whatis lensing schemes? Wiisimple sketch slow different lensing scheme. Stthe
drawback of lensing schemsalso.

15. BExplain equilibrium mmericd aperture.

16. Write note on laser diode tibér coupling.

17. Staethe pmciples of good coredor design.

18. List thesteps involved in preess of installing iber-optic conedors.

CITSTUDENTS.IN Page 152




Optical fiber communication 06EC72

PART -B

UNIT -5

SYLLABUS:

OPTICAL RECEIVER: Introduction, Optical Recaver Operation, receiver sensitivity,
guantum limit, eye diagrams, aherent dekedion, burst mode receiveroperation,”Analog
receiers.

6 Hours
RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd Keiser, 4" Ed., MGH, 2008.
2. Optical Fiber Communications— - John M. Senior, Peasson Education. 3

Impression, 2007.

REFERENCE BOOK:

1.  Fiber optic communication — Joseph C Palais:"4 Edition, Peason Edaation.
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Unit-5

Optical Receiver

5.1 Optical Receiver Design

X An opticd receiver system conwerts optica energyinto eledricd signd, amplify the

signd and praess it. Therefore the important blocks of ogtrecever are :sdsfd
- Photodetdor / Front-end

- Amplifier / Liner channel
- Signal processing r@uitry / Data reovery.

1
1
1
i
i

Amplifier
! 7 | \Decision Data
AN Photodiode F—+ : Filter, : circuit : output
NN : 1 !
Preamplifier! \ CLK »—:
: i recovery
I
Gain control 1

I Voltage controil

- Front end

1
1
I
i .
; !
i i
i |
: Linear chann¢l ——<——— Datarecovery ——*

Fig? 5.1.1 Optical receiver

X Noise generateth receiver musbe /controlled preisely asit dedades the lowst signal
level that can be de#ded and processed. Hence noise consideratisan importat facta
in receiver dsign. Another importat peformance dteria of opticd receiver is average
error probability.

Receiver Configuration

x Configuration of typical optcd receiver is shown in Fig. 5.1.2.
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e,(l)

P(t)

~V 4T LV

1
2
oD
O/

out

ib(t) i5(t)

|

Photodetector Amplifier Equalizer

Fig. 5.1.2 Optical receiver configuration

X Photodetdor parametrs —
- PIN or APD type
- GanM=1
- Quantum efficiencyy
- Camadtance G
- Diasresistance R
- Themal noise curent i, (t) generated by R
x  Amplifier paramegrs—
- Input impendence R
- Shunt inputcgpadtance G
- Transonductance g(Amp/volis)
- Input noise current (t) becaise ofthemmal noiseof Ry
- Input noise voltage source(®
x Equdizer is frequency shapping filter used to mollify gifeds of signadistortion and
ISI.

Expression for Mean Output Current from Photodiode

Assumptions::

1. AlFnoise sourceare Gaussian in statissic
2. All nose sourczare flat in sparum.
3. Alknoise sourceare uncorelated étatisticdly indepandent).
X Binary digtal pulse tain incident on photoddor isfiven by —
P(t) =X _.b,h (t—nT,] ...(5.1.2)
Where,
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P(t) is receved optich power.
Ty Is bit period.
b, is amplitude parameteepresenting nth nssage bit.
hy (t) is recéved pulse shape.
X At time t, the nean output current due to pulse & () is—
(i (D)= =MP(y 2. (5.1.2)
Where, M is gain of photatedor

ﬁ is responsivityof photodiodd ®,)

x Negkding dark current, the man output current isigen as—

{i(t) =R, MEZ___ b h (¥=nT,) ...(5.1.3)

X Then mean output curent is amplified, filtered to give mean voltage at thepotit

Preamplifier Types

x The bandwidth, BER, noise and\sensitiviy of opticd recever are deermined by
preamplifierstage Preamplifier aicuit must be deigned with the aim of optimizinthese
characteristics.

x Commonly used preaplifier in opticd communication receiver are

1. Lows: impedance preamplifier @)

2. High - impedance pamplifier (HZ)

3., “Transimpedance pamplifier (TZ)

1. Low —impedance preamplifier (LZ)

X In‘low-impedance preampldr, the photodiodés configured in low — impedane
amplifier. The biagesister R is usedto match the amplifier impedance, Rlong
with the inputcgpadtanceof amplifier ceades the bandwidth of ampl.

X Low — impedance preamplifiecan operateover a wide bandwidth but they hav
poor receiver sensitivityl herefore the low- impedance amplifier are usedhere
sensitivity is of not gme concem.

2. High - impedance preamplifier (HZ)
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X In high—impedance peamplifier the obgdive is to minimize the noiskeom all
sources. This can be achieved-by

Reducing input camtance by selecting pper devces.

Sekding deedors with low dark curents.

Minimizing themal noiseof baisingresistors.

Using high impedance amplifier withrge R..

X The high impedance annfer uses FET or a BJT. As the high impedancectiit has
large RC time constant, the bandwidthieduced. Fig. 5.1.3 shows equivalentauit
of high input impedancerg-amplifier.

1 i

1 I

» I

L i

i :

! :

I
i e §Rb C) i §Ra Ca : —Vout
IS(t) Cd |b(t) 1 Ia(t) !

: :

‘ !

Photodetector . | .\ .
I‘— with bias equivalent.ckt E Equalizer

resistor

Fig. 5.1.3 High - input impedance preamplifier

X High-inputimpedance pramplifier are. most sestive and finds applcaionin long—
wavelength,long hail routes. The high sensitivity is duto the useof a high input
resistance (tgicdly > 1’ MQ),"whichresultsin exceptionally low thermal noise. The
combinationof high'resistance rad receiver input cgpadtarce resultsin very low
BW, typically <730 kHz, and this causesintegation of the received signal. A
differentiging; equézing.or compensation meork at the redger output coreds for
this integation.

3. Transimpedance preamplifier (TZ)

X Thedawbadks of ghidh input impedance are eliminated mrisimpedane
preamplifer./A negative fedback is introdeed by a feedbd resistor Rto increas
the bandwidth obpen loop preamplifier with an equivalenttimal nose crrent i (t)
shunting the input. An equivalentraiit of tranampedance preamplifier is shown in
Fig/5.1.4.

€, (t) = Equivalent series voltage nosairce

i(t) = Equivalent shunt current noise.

Rin=Ra || Ca

CITSTUDENTSIN — Ppagel57



Optical fiber communication 06EC72

R; = Fealbad resistor.

is (t) = Equivalent thermal noise ent.

— AMN\—
R¢

N\,

1
: e,(t)
Cyq R : R Ca —o
ig(t) b% C) i i(t) vV,

if(t) oul;

Photodetector Amplifier :
l‘———— with bias; —————™ equivalent ckt Equalizer
resistor ———

Fig. 5.1.4 Transimpedance preamplifier equivalent.circuit

x Although the resulting ceiver is often not as sensitive as the integrating femiok

design, this typeof preamplifier does not exhibit a higlynamicrange and is usually
chegper to produce.

High Impedance FET Amplifier

X High input impedance pamplifier using FET is shown in Fig. 5.1.5.

+V +V
Amplifier
g S Photodiode and ———— Vout
equalizer

Fig. 5.1.5 High input impedance preamplifier using FET

X Basic noisesources in the ccuit are—

- Themal noise asaiated with EET channé
- Themal noisefrom load.
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- Themal noisefrom feedlad resistor.
- Shot noise due to t&- leskage current (lgaw
- FET 1/f noise.
x As the amplifier inputesistance is very high, the input current n@pectral density
S, is expessed &-

_ 4.-|.{BT

SLFET - Re + qugﬂte & qugﬂte

™ ... (5.1.4)

Thermal noise associated with FET channel
X The voltage noisepectral density is-

g5, = =211 ... (5.1.5)

Em
where,
Om is transconductance.

I" is channel noise fdor.

X Thermal noise characteristic.€quation is a veryseful figure of nerit for arecaever
as it reasures the noiseness of ampdifi The equation iseprodwced here—

(2mc)®

W= (8, FEET SeI.B

a’E Ry

HE)1, +

g2

Substituting S1 and SE; the efjaar output ighen

Pt skpT  4kgTT 2nCy 4kgTT
w_ﬁ(qugate+ +—)12+( )T p

Ry Em Rﬁ aq Em

Where, C= G+ Cyet Cyat+ G (5.1.6)

X If biasresistor R is very large,sothat the gte le&kage currat is very low. For this
the detedor output signal is integated amplifier input resisterte It is to be
compasated bydifferentiation in the equalier. The integration- differentiationis
known as high input impedance epreanplifier design tedinique. However, the
integration ofreceive sgnal at thefront end restricts the dynamiaange of receiwr. It
may disrupt the b&ng levds and receiver may fail. To corred it the line oded daa
or AGC may be employeduch receivers can hae dynamic rangesin excess of 20
dB.
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x Of course, FET with high g, is sekeded. For high datarates G&s MESFET are
suitable while at lowefrequencies silicon MOFETSs or JIET are peferred.

High Impedance Bipolar Transistor Amplifier

X High input impedance pamplifier using BJT is shown in Fig. 5.1.6.

+V +V
Ry
Amplifier
+ — Vou
g 2 Equalizer
Ry § Rz

o

Fig. 5.1.6 High input impedance preamplifier’using BJT

X Input resistance of BJT iSvggn &~

R, ==L .. (5.1.7)

Where,
lgg IS basebias cumrent;

X Spedral densityof input’noise crrent souce kecause shot noisef basecurent is—

8= 2alge
S = —:EI ...(5.1.8)

X Spedral height of noise voltagsource is given as-

A

keT

i

Sg = ...(5.1.9

Em

Where gm is tansconductace
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al, B

I.{BT - Rin

Bm =

x The performancef recaver is expesed bythermal noise chaderistic equation (W)

alegT (2mC)*®
W= = (s + - + 21, + - ~—Sgl;B
Substituting R, S and & in characeristic equaion.
—_ T 1 (2nC)® Rip
w="7 szT[ Rm+ + ER”-] R ] .%(5.10.10)
Where, B ==
Ige
If R, >> R, then R= Ry, the expessionreduces to
— ZkpT [Ty B+1 (2nc)? ]
w=2E [R_m L+ R, ... (5.1.11)

Transimpedance Amplifier

X An ided transimpedancepreamplifier provides an output voltage which is directly
proportional to the input ctent.and independent obarseand load impedae

x A transimpednaceamplifier .is avhigh-gan high-impedanceamplifier with feedladk
resistor Rf Fig. 5.1.7 shows a simpl&/LC. Shunt feeback ransimpedance oever.

Ry
Fig. 5.1.7 CEICC shunt feedback transimpedance receiver

Bandwidth (BW)
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x To find BW, the tansfer tinction of non-feedback amplifiemd feedback amplifier is
compared. Theréander function of non-fedbadk amplifieris

AR
H)=re ... (5.1.12)

Where,
A is frequency independent gain of amjeiifi

x Now the tander function of feedad (transimpedaoe) amplifier is—

AR
Hy = P ... (5.1.13)
a

X This yields the BWof transimpedance amplifier.

AR

E =
T2 4gmc

... (5.1.14)

i..e. BW of transimpedance amplifier is A times that of high-impedaaoglifier. Becauseof this
equdi zation e mes easy.

Characteristic equation

X Thethemal noise charaetistic equation (W) is redued to—

Wy, 7 Wy + 2220, .. (5.1.5)

= Ry 2
Where,

W4z is noise chiaderistic ‘of high-impedance amplifier (norddback amplifier).

Thus themal nose of transimpedanceamplifier is sum of ooutput noise of non-feedback
amplifier and noisesmciated with R

Benefits of transimpedance amplifier

1. Wide dynamic range : As the BWof transimpedance preamplifier is highaeigh sothat
no integation takes placera dynamic range cahe set by maximum voltage swing a
preamplifier output.

2. No equalization required : Since combinatiorof R, and Ry is very sméd hence the time
constant of detector is small.
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3. Less susceptibe to external noise : The outputresistances small hence the amplifieis
less suseptible to pick up noisecrosstalk,RH and EMI.

4. Easy control : Transimpedance ampkiis haveeasy contol over its operation rad is
stable.

5. Compensating network not required : Since ntegrationof detectedsignal doesnot
occur, compensating netvork is notrequired.

High Speed Circuit

x Now fiber optic echnologyis widely employed dr long-distance commmicaion, LAN
and in telephone networks also becaasemprovement in overdl perbrmarce reiable
operation and costffediveness.

x Fiber optic link offers wide bandwidth to supporthigh “speed anabg and digital
communcaion.

Becauseof advamement in technology minimized transmitiers and receivers and
avalable in integated circuits pdage.

5.2 Receiver Noise

X In a recaver system errors ariseS because »ohoisesand disturbancesin the signal
detedion system. Noise is anunwated electic signal in signal praessng. The noise
sources carbe intemal or extemal to the ‘sgtem. Only the inemal source®f noise ae
considered here.

X The nosas generated by spontaneolisctuationsof curent and voltage (e.g. shot noise,
themal noise). When photonsincident on the photodeedor are random in naure,
guantum noisg;(shot noiss)generated. This noiss significant for both PIN ad APD
receiers.

x Other sourcesf photodetdor noise ardrom dark curent and leskage curent. These

noise'can be reduced considerably bychoosingproper componentsThemal noise is
generatd from’'deedor loadresistancs.
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Received Izl

signal
level

7
//%

Time ——

Fig. 5.2.1 Pulse spreading in adjacent time slot

x Intersymbolinterference (I1SI) also contributesto errorwhich-is causingfrom pulse
sprealing. Becauseof pulsespreading enegy of a pulsespreads into neighbouring time
slots,results in an interfering sighaFig. 5.2.1 shas ISI.

X Energy in appopriate time slotis y. The total enggy inadjacent slotsis 1 -y as showrnn
the Fig. 5.2.1.

Noise Mechanisms
v, . (t) = {v,,. (Bh+ vy (d) ... (5.2.1)
Where,
vy (t) is noise voltage.
Vout(t) is mean output veltage.
The noise voltage'can be ezped & -
w2 (t) = v, (0 + vE(D) + vi(t) + vi(D) ... (5.2.2)
Wherey
V shot (t)IS:quantum or shot noise.
Vg (1) is thetmal or Johnson noise.
v; (t) isresulted by amplifier input noise current soeli, (t).

Ve (1) isrequested by amplifier input voltage noise soe g (t).
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X The nean square noise voltage is ezped &—
w2) = (w2 (D) + (L2(D) + (v2(D) + (i () ... (5.2.3)

i) Thermal noise of load resistor Ry, :

#kpT 7 .7
R*E .B, . R%A* ... (5.2.4)

vz () =

Where,

kg T is product of Boltzmaris constant and tempétae.
A is amplifier gain.

By IS NOiSe equivalerBW.

ii) Thermal noise due to amplifier input noise current'source i, (t) :
{v2(t)) = 5,B,,.R*A? ... (5.2.5)
Where,
S is thespedral densityof amplifier input noise auent source.
iii) Thermal noise due to amplifier input noise voltage source e, (t) :

{vi(t)) = 5 B.A* ... (5.2.6)
Where,
Sk is thespedra densityof amplifier noise voltage source.
B. is noise equivalent. BMf amplifier.
iv) Mean square shot noise :
(20e (D) = 2q(ipHm?) B, R*A? ... (5.2.7)
Where,
{m*} is mean sqare avalanche gain.

{i,} is photocurent.

x  All constituents of raan square noise voltage are suranzed here.
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. 4k, T I
'(vﬁl::tj} :R—B'EMER‘A‘
b

":1312 (1) = SIBE?EEREA:
{vz(t)) = S B.A*

{vszi'mr(tj} = zq{iﬂ}{mz}gbﬂagz‘q‘

w2 = (v2 . (D) + (W) + (WF(O)) + (vE(e)

5.3 Receiver Sensitivity

x To cdculate opticd receiver sensitivity, total noise in theceveris calculated.

Substitutingthesevalues and solving equation (5:2.3ivg@s

EhE.F_‘= ]_2= B

Th =
and B, = I,B + (2nC) *1,B®

Substitutingthesevalues and solving equation (5.2.3vgs

4k /T

<3 <3 <3 < S
(vi) = R2A? (Eq{iﬁ}M‘+”+ L, +R—§) LB

b
+{2nC) * A8;1,B°

{vir= (gRAB)? (2q{ig)M*™ T,I, + W)

N 4legT S_E) 2nc?
Where, W quB(sl+ S+ )L + T sglB

This equatiomis known asdimal noise characteristaf an optcd recever.

X The optimum gain tachieve desired BER for recever is given by —

P
1+x  IW 2
I’*"ID :— — — TII
P =QI

Assumingno ISli.e. y =1

... (5.3.1)

... (5.3.2)

...(5.3.3)

... (5.3.9)
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Where,
Q is parameterelated so S/Natio to achieve desred BER.
W is thermal noise chracteristic of recaver. X is photodiode faor.
12 is normdized BW.
Mean Square Input Noise Cuent
X The nean square input noise oent is gvesas—
(3 = G2 + () + () + (i) ... (5.3.5)
i) Shot noise Cuent :
{iz) = 2q{i;{m*)A’, B

i) Themal Noise :

el N 4kpT L2
(i) = 2 A%1,B

iii) Shunt Noise :
{if) = S,A°LL,B
iv) Series Noise :
() =587 [2 + (2m0) 71,87
v) Total Noise:
) = ) + G4+ G + (iE)
(i}) = A%(2q(i,}{m?)1,B + q*WB?) ...(5.3.6)

(i) = (5:+3F)BL + (2mC)*5:B° .. (5.3.7)

Example 5.3.1 : An InGaAs PIN photodiode has the following r@aeters at a wavelerip of
1300 nm: =4 M\, n =0.9, R =1000 Q and thesuface leakage cunnéis negligible. The
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incident optica poweris 300 nW (- 35 dBn) an the recger bandwidthis 20 MHz. Find the
varous nosie@ms of therecever.

Solution : Given :
A =1300 nm
Ip =4 nA
n=0.9
RL =1000Q
Pinddent= 300nW
B =20 MHz

Mean square quantum noiseroent

| [
|2-Pincidentn _  [2Pjpcidegr n-
14' hv -J hi

= ie)

(169 x 1017400 = 1073)(0.9)(4300 x 10~%)
f

=y ie)

\ (geze w10~ * M3 x10%)
I;=2.23x10"" Amp ... Ans.
Mean spark dark current
i: =2eBi,

=2(1.6 x 10° (20 x 16) (4 x 10%

=0.256 x 10" Amp .. Ans.

Mean squarehemal nosecurrent

j2 = &TE
t R
L

Where Bis Boltzman constant = 1.38 x 18 JK

T = (250+2730) = 298 K
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2= 4138 2107 ) 2 (292) (20 2 10%)
o 1000

= 3.28 x 10° Amp ... Ans.
5.4 Analog Receivers

x Fiber optic tansmission also supptsranalog linksi.e. voice channels. The performanc
of analog reever is meaued inems of S/Nratio (ratio of nean square signal current to
mean square noise crent).

X The currat geneated at optid recever by analog optd signal is gvenas—

iy () = RyM F.[1+ ms(t)]
i (t) = [M[1 + ms(t)] ...(6.4.1)

Where,

R, is responsivity.

M is photodetector gain.
P, is awragereceved pover.

|, is pimary photocurent (= %P4
X Mean - squaresignd cumrent at photodetdor, negeding d.c. em is

() =L, M, B)*

&) =5 (M, 1) . (5.4.2)

X Jora photodiode dettor mean noise curent is sum of
i) "Mean sguare quantum noiserpent.

i) Equivalentresistancehermal noise current.

iii) Dark noise curent.

iv) Surface é&kage noise auent..

4 kg TE
RB

(i5) =2,(1, + 1;)M*F(M)B+ 2,1, B+ F,

q

Where,
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I, is primary photocurent.
Ip is pimary dark currer.
I is surfice le&kage curent.
F (M) is photodiode noise factor.
B is effedive noise BW.
Reqis equivalentesistanceof photodetectorrad amplifier.
F; is noise figureof baseband amplér.
X Signd — to — noiseratio (S/Nratio) is gven as—

— n%o R ... (5.4.3)

2
i 49 B

5
N
This limits the sensitivitpf analog ecaver

SIN ratio for PIN and APD recéver as atnctionof recaved optcd poweris shownin
Fig. 5.4.1.

50.
S/N ratio
(dB), 40 4+ APD PIN

0 } f f t t t
-70 -60 -50 -40 -30 =20
Received power P (dBm) m=>

Fig. 5.4.1 SIN ratio for APD and PIN

5.5 Digital Receivers

X The equhlzer signal is compared with d@hreshold levelto deemine the pesenceof a
pulse. The comgrison is done on time slot basis.

Probability of Error
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x Bit errorrate (BER) is defined as theatio of numberof errors occtring over a time
interval to the numbeof pulses tansmitted during the ietval.

BER = —= ... (5.5.1)
Ne
BER = == ... (5.5.2)

Bt
Where,
Ne is numberof errois occurring during the interva

Nt is numbeiof pulses transmitted during the interva

B is bitrate G—h) or pulse tansmissiorrate.

X BER for optica fiber communiaion system.i$:ranging beveen 10 to 10*2 BER of
receiver dependsn SN ratio. To computesthe BER at reger probability distribution of
output signal is consg@led. ’

x Condiitonal PDF : P(y/x) is the probability that the output voltage is y when xwas
transmitted. Thednctions p (y/1)@nd p (y/Gre conditionaPDF as shown in Fig. 5.5.1.

ply/1)

_______________ - 1
Threshold

Fig. 5.5.1 Probability distribution of received 1 and 0
X The pobability distributionsare gven & —
P,(v)=["_p(y/1)ds

It is the probabilitythat output voltage is less thahreshold when log ‘1’ is sent.
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Py(v) = [ p(v/1) dy
It is the probabilitythat output voltage exceeds threshold voltaden a loge ‘0’ is sent.
The error pobability is expessed as

B, =aP,(v)+bE, (v) ... (5.5.3)
Where,

a and b are probabilities theither 1 orO occurs.

1 V oy
PE=—[1—efr( ,_)J
2 2v2c0 ... (5.5.4)

Where,

V is the pulse amplitude.

o is standard deviation (neasure of width of probability distribution)
Quantum Limit

x For an ickd photodetector having quantum efficiengy 1 and hazero dark currenti(e.
no outputwhen light is.absent)then the minimunreceived power ¢r a spedfic bit —
error rate is known as' Quantum:Limit.

X Let an optid pulse of enggy E is incident on photoeedor in time intervalt. Then the
probability of emitting 2ro ekedrons during the imrval is

P (Q}=e" ... (6.5.5)
Where,
XXXXis average numbeof electron- hole pais.

Example 5.5.1 A digital fiber link operating at 850 nmequires a EER of 10°. Calalate the
guantum limit in €ms of quantum efficiency.

Solutions : A =850 nm = 850 x Idm
BER = 10°

Probability of erior
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P,(0)=eN= 107"
© N=9Inid

N =207

No. of eledron — hole pad geneated XX XX), quantum efficiency(n), photo engy (hv) and

enggy recaeved ) are related by,

N=L
Ry
© E=N.ZE
"
he
E=207x—

n

Comparison of Receiver Performance

Parameter PIN Detecor APD Detector
Preamplifier noise levgA?) 10*°to 10 10%°to 10%
Digital recever sensitivity (dBn) -34.21to0 -49.21 -51.00 to -51.65
Analogrecever S/N (dBn) 13.00to' 37.78 34.36 to 38.27

Review Questions

In.an optid recaver explain the sources of ermr

P w N

Questions

Deduce the exgssion for nean output currentrom photodiode.
For a digtal opticd recaver find the expession of pobability of error.

Find the expression for mean square noise voltage for opticd receiver. University
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UNIT - 6

SYLLABUS:

ANALOG AND DIGITAL LINKS: Analog links— Introduction, overview of analog links,
CNR, multichanrel transmissiontedhniques, RF over fiber, key link parametes, Radio over
fiber links, microwave photonis.

Digital links — Introduction, point-to—point links, System considerations, link poweudgd,
resistive budge short wae lengh band, transmission distanceif single mode ibers, Power
penalties, nodal noise and chirping. 8 Hours

RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd Keiser, 4" Ed., MGH, 2008.

2. Optical Fiber Communications~ — John M. Senior, Peaison Education. 3
Impression, 2007.

REFERENCE BOOK:

1.  Fiber optic communication — Joseph C Palais:"4 Edition, Peason Edaation.
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Unit-6

Analog and Digital Links
6.1 Analog Links
Overview of Analog Links

x Elements of analog links are
i) Opticd transmitter.

i) Fiber channk

iii) Opticd amplifier.

iv) Opticd detedor.

i i lectrical
Electrical Light ) el E
Input source i Output
Optical Fiber Optical y Optical
transmitter channel amplifier detector

Fig. 64.1 Analog link elements

X Theincominginformation signd, speech, music video etcis usedto control the powe
outputfrom the LED or the lagrThelight outputis as rea as possible, a true copy o
the ekdricd variations at the input. At thiar endof the iber, the receiver corarts the
light back to ekdrical pulses'which is the trueplica of input sign&

X Any nondinearity eithe in transmitte or receiver will affed the accuracy of the
transmission or receptioof signd.

X The ather proablemis noise. Since the recever receivedan analogsignal, it must be
sensitiveto any changem amplitude. Any randm fluctuationsin light level caused ly
lrght source; thelier at therecaver will cause unwated noise in the output signa

x ‘Eledricd noise dudo lightening will give riseto eledrica noisein the non-iber pats of
the swgtem.

X As the signal travels along the fiber, it is atenuated. To restore signal amplitude,
amplifiers (repeakrs) are added ategular inervals. Therepeaer has a limited ability to
reduce noise and distortiomgsent.

Carrier - to — Noise Ratio (CNR)
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x Carrier— to — Noise Ratio (CNR)s defined as theatio of r.m.s. carrier pwer to r.m.s.
noise power at theeceiver.

X CNR requirement can berelaxed by changinghe modulation formafrom AM to FM.
The BWof FM carrieris considerably larger (30 MHin place of 4 MHZz). Therequired
CNR for FM receiveris much lower (16 dB comparew 50 dB in AM) kecaise of M
advantage.As a result, the opta power readed at the regver can be smdl, as 10uW.
But the redver noiseof FM system is generally dominated by therthal noise.

X The important signal impairments inclsde
- Laser intensity noisductuations.

- Laser clipping noise.

- Photocedercotr noise.

- Opticd Amplifier Noise (ASE nois).
- Hamonic noise.

- Intermodulaiton noise.

- Shot noise.

Carrier Power

X To cdculate carier power signal gengated by optcd sourceis considered.The
opticad souce is a square law devicend curent flowing through optical sotce is
sum of fixed bia current and a time varying ctent(analogsignal).

x If the time-varying analg drive signalis s(t), then the instdaneous ofica output
poweris given by,

P(t) ='F[2 + ms(t)] ...(6.1.2)
where

P, is opticd output power at-bias lelje

. . . P -
M is modulation index= (—:‘L“
t

x The reavedcarier power C is iyen by,
€ = >(m R, MP)* ... (6.1.2)

where,

K, is responsivityof photodeedor.
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M is gain of photodetector.

P is aerage receed optcd power.

Photodetector and Preamplifier Noises
x Photodetdor noise is give by,

(iy) =2q (1, +1,) M* F(M)E .(6.1.3)

where,

I, is primary photocurent (= ,F).

Ip is deedor dark curent.

M is gain of photodetector.

F(M) is noise figure.

B is bandwidth.

x Preamplifier noisés given by,

-

(i2) =22T B F, ... (6.1.4)

Reg

where,

Reqis equivalentesistance.

F; is noise factopf-preamplifier:
Relative Intensity Noise (RIN)

X (The outputof a seniconductorlaser exhibits fluctuations in its intensity, phase and
frequencyeven when the laseris biased ata constat current with negligible current
fluctuations. The two fundaméal noise nrechanismsare
i) Spontaneous emissiond
i) Electror-hole recombination (shot neis

x Noise in saniconductor lasers is dominated by spontaneousemission. Eac
spontaneously emitted photon addghe oherent fidd a small field componat whose
phaseis random, and thus deuiaboth amplitude and pkain random marer. The noise
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resulting from the random intensity fluctuatiors is cdled Relative Intensity Noise
(RIN). Theresulting mean-sgare noise current isigen by,

{iz) =RIN (R,P)E ... (6.1.5)

X RIN is measured in dB/Hz. Its typical value DFB Laars is ranging from -152to -158
dB/Hz.

Reflection Effects on RIN

X The optcd refledions generated within the sigms are to be minimized. The reéded
signds increassesthe RIN by 10 - 20 dB. Fig. 6.1.2 showsthe dfect on RIN due to
change indéedback poweratio.

=120 ==

RIN ~ 140
(dB/Hz)

- 160 —

| ! |
1 T T
—-40 - 60 -80
Feedback power ratio Ezz>

Fig. 6.1.2 Feedback power ratio (dB)

x The feelback power ratiois:.the amount of agatipower refeded kad to thelight output
from source. The fatback power ratio mudbe lessthan -60 dBto maintan RIN value

less tha -140 dBHz.
Limiting Conditions

x /When optta power level at redeer is low, the preamplifier noise dominates thasteym
noise.

Therquantum noisef photodegdor also dominates the system noise.

The refedion noise also dominates thestm noise.

The carier-to-noise ratio ér all three limiting conditionsare shown in the.

Fig. 6.1.3 showsariers-to-noiseratio as a finction of optica power level at the receive
with limiting factors. For low light levels, thrmal noise is limiting factor causes 2 dB roll
of in C/N for eadh 1 dB dopin receved pover. At intermediate levels, quantum noise

X X X X
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limiting, factor causing 1 dB dop in C/N for every 1 dB derease in recaved optcd
power. At high received power source noise is dominator factoeg a constant C/N.

Reflection noise limit 3

______________ N e— Quantum noise limit 2
58 N

C/N
(dB)

C/N ratio

A e . s
o Preampilifier noise limit 1

-4 =8 -12 -16 -18
Received optical power (dBm)

Fig. 6.1.3 C/N ratio as a function of received optical’ power

Multichannel Transmission Techniques

X Multiplexing technique is usedo transmit multide analogsignds over the sene highe
cgpacity fiber cable.

x Numberof basebad signals are sugrimpasedona set of Nsub-carier of frequencies;f
fp, f3...fN.

x Channelor signal multiplexingcan:be donein the timeor frequency dmain through
Time-Division Multiplexing TDM) and/Frequency Division Multiplexing (BM). The
methodsof multiplexing.includes Vstigial Sideband Amplitude Modulation (VSBAM),
frequency Modulation (M) and:SubCarier Multiplexing (SCM). All the schemes have
different advantages and disalvantages.

Multichannel Amplitude Modulation

X In some applicationshe bit rate of ead channelis relatively low but the number of
channés are quite large. Tpical example ofuch applcaion is cable television (CATV)
Fig. 6.1.4 shows the techniquar tombiningN independent channels. Oferent channé
informationare amplitude modulated onftirent carrier frequencie
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Optical
Composite fiber
y === FDM signal = fi
1 -
f
! Band fz
Modulated ! Optical Optical 2
carrier transmitter receiver pass | f.4
! filters i :
. L |
K Lot

Power
combiner

Fig. 6.1.4 Multichannel AM

X Power combiner sumsllaamplitude modulated caers producing a composite-FDM. The
composite BM signal is usedo modulde the ntensityof semiconductor-lasedirectly
by addingit to the bias crrent. At optical reedver, a bak ©f bandpass filters separate
the individua carriess.

X Opticd modulation index m isigen by

_{vN _ny1/2
m = [21:1 mi)
where,
N is no. of chanrie

m; is per channel modulation index

X Since the laser diodes a nonlinear, device ad when multiple carriefrequencies pass
through suich devee, _the analogsignal is distorted during itsransmission, the distortion
is refered to as inemodulation distortion (IMD). The IMD aeses undesirable signals
to producecdled inemodulation product (IMP). The new frequencies (BYl&re further
classfied as
- Two-tone IMBand
- Triple-bea IMPs.

The classfication is dependingon wheher two frequenciescoinside or all three
frequencisare distint.

X The triple-bea IMPs tend to be a major saurce of distortion becauseof their large
numkber. An N-channel system generates N{N) (N — 2)/2 triple-bea terms compare
with N (N — 1) two-tone ems. Depending on channelrdar smang sane of Imps fall
within the bandwidth of apedfic channéand afed the signarewvery. This iscdled &
bea-staking.
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X The kea stadking result in two typesof distortions, which adds power foll #MPs that
fall within the passhad of aspedfic channel, theedistortions are:
)} Composite 8oond Order CSO) and
1)} Composite Triple Bear (CTB)

Peal carrier power

€SO = , —
Peack power in composite 2"%order IM tone

Peal carrier power
CTEB =

Peack power in composite 3™¢order IM tone

x CSO and CTB are used to desbe the peformanceof multichannelAn links. CSO and
CTD are expes=din dBc units,where‘c’ in dB. denoteshormdization withresped to
the carrier power. Tpically, CSO and CTB distortion vdues shoudoe below - 60 dB
for nedigible impad on the sgtem performanced Bot@SO and CTB increases rapidly
with increaein modulation index.

Multichannel Frequency Modulation

x The ONR requiremant can be relaxed by, changig the modulation formatrom AM to
FM. The BW of FM carier is considerably larger (30 MHmn place of 4 MHZz). This
results in S/Nratio improvement. over C/Natio.

X S/Nratio at the output of FEM dettor is':

().LFQ)

out in

+ 10log [%(j—;f&):] +w...

where,
B isrequired bandwidth.
Afyp is peek to peek frequency deviation of moduttar.
f, is highest vide frequency.
W is weighing factordr white noise.
X The totdS/N improvement iganging betveen 36-44 dB.

Sub-Carrier Multiplexing (SCM)
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X

X

Sub-Carrier Multiplexing (SCM) is employed in microwave engne&ing in which
multiple microwave cariers for transmissionof multiple channés are used. If the
microwave signalis transmitted optdly by using optcd fibers, the sgnal bandwidth
can be exealed upto 10 GHz for a single optid carrier. Such a scheme is reffed to as
SQM. Since multiplexingis done by usingnicrowave sub-carier rather than the optida
carrier.

The inputcan be analogor digital basebad signd. The inputsignds are modulated sub-
carriers arethen combinedo give FDM signd. The FDM signds are, then‘combineuh
microwave combirer. The combine signal is then modulatesthe intensity of
saniconductor laser by adding it to bieurrent. Fig. 6.1.5 shows thasrangement.

8, Channel - 1 -
s, Channel - 2 -

baser Fiber channel

]

| .
! driver

1

! Laser diode —— Optical

receiver

Microwave
combiner

Fig. 6.1.5 Sub-carrier multiplexing

Thereceived optcd signalis then pasdthrough low noise pin photodettor to conwvert
it to original signa.

Advantages of SCM

1.
2.
3.

o

Wide bandwidth.

Flexibility:and upgradality in design of broadband networks.

Analogor digital modulationor combination ofwo for transmitting multiple voie, data
and video signals to large numhdrusers.

Both AM and FM techniques can be useddr SOM.

A combination o6CM and WDMcan redize DW upto 1 MHz.

SCM™tedhnique is also being explared for network managemet and performance
monitoling.

6.2 Digital Links

System Design Considerations
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X In opticd system design major consideration inlwes
- Transmission chracteristics of fber (atenuation & disgersion).
- Information tander capabilityof fiber.
- Teminal equipment & technology.
- Distanceof transmission.
x In long-haul communicationapplicaions repeders are inserted atregularintervals as
shown in Fig. 6.2.1

Power feed

Terminal Terminal

equipment g —‘()‘s—> equipment

Repeater

Optical
Repeater .\ o

[
3

Fig. 6.2.1 Repeaters in long-haul communication system

X Repeder regenerates the oingl daa beforeit is retransmitted as a dital optcd signd.
The cost of sstem and complexityncreases becaugdinstdlation ofrepeatrs.
X An optca commun¢ation system should hee following basicrequired specifiations—
a) Transmission typeAnalog/ digital).
b) System fidelity (SNR / BER)
¢) Requred transmission bandwidth
d) Acceptablerepeder spacing
€) Cost of sgtem
f) Reliability
g) Cost of maintenaie.

Multiplexing

X Multiplexing of severalsignds on a single fiber increasesinformation traadfer rate of
communeaion link. In Time Division Multiplexing (TDM) pulses from multiple
channés are intedeaved and transmitted sequentially it enhancethe bandwidth
utilization of a singg fiber link.

X In Frequency Division MultiplexingFDM) the optcd channel bandwidth is divided inot
various nonoverlappingréquency bandsral each sighalis assgned oneof these bands
of frequencis. By suitalie filt ering the combined FDM sighaan be retrieved.

X When numberof optical sourcesoperating atdifferent wavelengthsare to be sent on
sinde fiber link Wavelenth Division Multiplexing (WDM) is used.At recaver end, the
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separationor extractionof optica signal is performedby optcd filters (interference
filt ers, diferadion filters prism filers).

x Another edniquecdled S@ce Division Multiplexing (SDM) used sepae fiber within
fiber bundle for ead signal channé SDM provides better optica isolation which
eliminatescross-coupling beteen channels. Bt this tedniquerequires huge number of
opticad componentgfiber, conredor, sources, dettors etc)therefore not widely used.

System Architecture

x From architet¢ure pointof view fiber optic commurmation can be classified.intahree
major categories.
1. Point-to— point links
2. Distributed networks
3. Locadarea networks.

Point-to-Point Links

X A pointto-point link comprises of one transmitterand a recaver system. This is the
simplest form of opticd communcaion<ink and it sés the basisdr examining compbe
opticd communcaion links.

x For analyzing the performane<of. any link following important aspeds are to be
considered.

a) Distanceof transmission
b) Channel darae
c) Bit-error rde

x All above paametersof transmissionlink are assaiated with the characteristis of
various devices employeid the link. important componentsral their characteristicare
listed below.

Transmitter T‘_Q— Regenerator _Q__ Regenerator Q Receiver

Fig. 6.2.2 Point-to-point fiber links

X When the link lenth extends baveen 20to 100 km, lossessaaiated with fber cable
increase. In order to cenpensate the losses opdl amplifier and regeneators are use
over the spawf fiber cable. A regemeator is areceiver and transmitter pair which detts
incoming opttd signd, recvers the bitstream etdricadly and agan conwert badk into
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opticd from by modulatng an optcd souice An opticad amplifier amplify the optid bit
stream without corerting it into eedrical form.

x The spadng bdween two repeateror opticd amplifier is cadled asrepedaer spadng (L).
The repeater spang L dependson bit rate B. The bitrate-distance product (BL) ia
measure of system pedrmance for pointe-point links.

x Two important analysiof dedding performancef any fber link are-

i) Link powerbudget / Powebudget

i) Rise time budget / Bandwidth budget

X The Link powerbudget analysiss usedto determinewhether the receer hassuficient
power to achieve the desired signal qudity. The power atreceiver is the transmitted
power minus link losse

x The components the link mustbe switchedfast enough @ad the iber dspersion must
be low enough to meetthe bandwidth requrements of the.applicaion. Adequde
bandwidth ér a sytem can be assured by developing a'rise time budge

System Consideration

X Before sekding suitable components;the loperating wavelengh for the system is
dedded. The opeting wavelenth sekdion depend®n the distancerad attenuation. For
shorter distance, the 800-900 nm reg®ipreferred but forlonger distance 100 or 1550
nmregion is peferred due to lower#@enuations and diggsion.

X The nextstep is sekdion.of photodeedor. While seéding a photodeidor following
factors are considered
i) Minimum optcad/power that mustfall on photodeg¢dor to satisfy BEER at spedfied

daarate.
i) Complexity of cicuit.
iii) Cost ofdesign.
iv) Biasrequirements:

X Next'stepin system consideratiofis choosing a mper optical source, impontafacors
to‘consider are
i) Signaldisgrsion.

i) Datarate.

iii) Transmission distaze
iv) Cost.

v) Opticd power coupling.
vi) Circuit complexity.

X The last fador in system considerationis to sekdion of opticd fiber beween single
mode ad multimode fber with stepor graded ndex fiber. Fber selection dependm
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type of optical source rad tolerable disprsion. Some importa fadors for sekdion of

fiber are :

i) Numericd Aperture (NA), asNA increases, the fber coupled power increases also
the disgrsion.

i) Attenuation chaaderistics.

iii) Environmental indwced losses e.g. duto temperdure \anation, moisture ad dust
etc.

Link Power Budget

x For optiming link power budget an opd power loss modesk to be studied-as showim
Fig. 6.2.3. Letddenotes the lossesair & connetor.
Lspdenotes the losses occur at i
as denotes the losseccur in fber.

Splices Splices

Connector / l | Connector
O l

z : /“J—-——-{_':J? 3
oy .r T O

c Receiver

n _’B

Transmitter

Fig. 6:2.3 Optical power loss model

x All the losss from source to detior compises thetotal loss (F) in the systm.

Link power margn consiegrs the lossesdue to componat aging and temperaure
fluctuations., Usually a tik margn of 6-8 dBis considered while estimating link powe
budge.

x Total optcd loss ="@medor loss + (Splicing loss +ilber dtenuation) + Sgtem margn
(Pm)

Pr = 2. + asL + System nargin (P,,)
where, Lisstransmission distem

Example 6.2.1 : Design as optid fiber link for transmitting 15 Mb/seof daa for a distancef
4 km with BER of 10°.

Solution :

Bandwidth x Lenth = 15 Mb/sec x 4 km = (60 Ml#s) km
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Selecting optical source : LED at 820 nmis suitable or short distaoes. The LED generates
10 dBm opttd power.

Selecting optical detector : PIN-FER opticd detedor isreliable and he— 50 dBm sensitivity.

Selection optical fiber : Step-index multimodelder is seeded. The iber has bandwidth letig
product of 100 (Mb/s) .

Links power budget :
Assuming :
Splicing lossd= 0.5 dB/slice
Conredor loss {=1.5dB
System link powr margq P,,— 8 dB
Fiber dtenuationo; = 6 dB/km
Actual total loss = (2 x;) + asL + Pn,
Pr=(2x15)+(6x4)+8
Pr=35dB
Maximum allowable systa loss':
Pmax= Optica'sotrce output power- optica recaver sensitivity
Prax =, +10.dBn= (-50 dBm)
Prax=40 dBm
Sinceadual lasses in the siem are less than the allowable loss, hence teesyis finctiond.

Example 6.2.2.: A'transmitter has an output powef 0.1 mW. Itis used with aiber havingNA
= 0.25, #denuation of 6 dB/km ad lengh 0.5 km. The link contains two coadors of 2 dB
average loss. The recaver hasa minimum acceptablepower (sensitivity) of — 35 dBm. The
designer ha allowed a 4 dB margin. Caléate the link powebudgd.

Solution :

Source power R= 0.1 mW
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Ps=-10dBm
Since NA =0.25
€  Coupling loss = -10logNA?)
= -10log (0.25)
=12 dB
Fiber loss =o; X L
ls = (6dB/km) (0.5km)
lf=3 dB
Conredor loss = 2 (2 dB)
l.=4 dB
Design margin R, = 4 dB
© Actual output power Pout =dbrce power-- (X L.osEs)
Pout= 10dBM— [12 dB4.3 +4 + 4]
Pout=-33 dBm
Sincereceiver sensitivity grenis~ 35 dBm.
i.e. Pmin = -35 dBm
As Pt > Pnin, the sgtem will.perfom adequatelyver the sgtemoperatinglife.

Example 6:2.3 : In alder link the laser diode output powisr5 dBm, source-ber coupling loss
= 3 dBy©nnedor loss of 2 dB |ad has 50 splicesf 0.1 dB loss. ber atteuation loss dér 100
km is 25 dB, compute the lossamin for i) APD recéver with sensitiviy — 40 dBm ii) Hybrid
PINFET high impedance receiver with sensitivity -327dB

Solution : Power budget calculations

Source output power 5dBm

Source fiber couplingloss 3dB
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Conredor loss 2dB
Conredor loss 5dB
Fiber atenuation 25dB
Total loss 35dB

Available power to regiver : (5 dBm— 35 dBm) — 30 dBm

i) APD recever sensitivity- 40 dBm
Loss margin [- 46- (- 30)] 10dBm

i) H-PIN FET highOimpedance ceiver -32 dBm
Loss margin [- 32 (- 30)] 2 dBm

Rise Time Budget

X Rise time gives important information for initial

system design. Rise-time budget analysis detemines.the dispersion limitation of an
opticd fiber link.

X Total rise timeof a fiber link is the root-sum-
square of rise timeof ead contributor-to-the pulse rise time dedation.

f
teye :.,thi +t R e

N 1,2
2
t EyE — (Z tri)

i=1

X The link components mubk switched fat enough
and the_ dber. disgersion mustbe low enough to red the bandwidthrequirementsof the
applieaion adequee bandwidth ér a sywtem canbe assued by developing a rise time
budge:.

X As the light sources and detedors has a finite
response timdo inputs. The device does not twn-or turn-off instantaneously. Rise

time and fall time detemines the overdl responsetime and hence the resulting
bandwidth.

X Conredors, coupkrs and splices do not affect
system sged, they need ndbe accountedin rise time budget bubey apga in the link
powerbudgd. Four basic elements theontributes to theise-time are,

. Transmitter rse-time (t)
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- Group Vdocity Dispersion GVD) rise time (&vp)
- Modal disgersion rise timeof fiber (inod)
- Recaver rise time (k)

1/2

tops = [th + thga T thyp + ]

... (6.2.1)
X Rise time due to modal disfgionis gven as
to= ? _ 44;] Lg
" ° ... (6.2.2)
where,
By is bandwidth MMHz)
L is length of fiber (km)
g is a parameter rangingtiaeen 0.5 and 1.
By is bandwidth of 1 km lengthifer,
X Rise time due to group leity dispersion is
teyp = PPOiLE ... (6.2.3)
where,
D is dispersion [ns/(hm.km)]
%, is half-powerspectra width of souce
L is length of fiber
X Recaver front end rise-time in nanesnds is
e 350
T B ... (6.2.4)

where,

Bix is 3 dB— bW of receiver MHZz).
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X Equation (6.2.1%an be written as

1/2

Loy = [tgx +Tr2nu:l +T123v|::- + fo]

172

2
~ 440 Lg 2 ..o [350
tm_[%‘“L( Bo ) TRl + 5, ... (6.2.5)

All times are in na..noseconds.
X The sytem bandwidth’is gzen by

BwW = 2= ... (6.2.6)

Tap

Example 6.2.4 : For a multimodeiber following parameterare recorded.

i) LED'with drive circuit harise timeof 15 ns.

i) LED spedralwidth = 40 nm

iii) Matenal disgersion related rise time degradation =
21 ns over 6 km link.

iv) Receaver bandwidth = 235 MHz

V) Modal disgersion rise time = 3.9 nsec

Calaulate systenrise time.
Solution : t= 15 nsec
tThat= 21 nsec

tmod=.3.9 nsec

¢ 350
rx B,

Now

CITSTUDENTSIN — Ppage191



Optical fiber communication 06EC72

.. = 14 nsec

Since

N 1/2
o= (D 12)

to. = [15% + 217 +3.9% + 142]1/2

teye = 29.61 nsec

Ans.

Example 6.2.5 : A fiber link has following data

Component BW Rise time (tr)
Transmitter 200MHxz 1.75 nsec
LED (850 nm) 100 MHz 3.50 nsec
Fiber cable 90 MHz 3.89 nsec
PIN detedor 350 MHz : 1.00 nsec
Recaver 180 MHz 1.94 nsec

Compute the stem rise time and bandwidth.

Solution : Sgtem rise time'is gen by

|
(Y =)

ot =+ (17524 352 + 3.897 + 1.00% + 1.94%)

tey: = 5.93 nsec

Ans.

System BW is gven by

0.35
BW =

B
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| g—
5.93 nsod
EW =59 MH>=
Ans.
Line coding in optical lilnks
X Line coding or channel coding is-a process of

arranging the signal symbois a speafic patem. Line coding introdaes redundancy
into the déa stream for minimizing erros.

X In opticd fiber commumséaion, three typesof line
codes ar eused.
1. Non+eturn-to-zern(NRZ)
2. Return-to-zero (RZ)
3. Phase-encoded &

Desirable Properties of Line Codes

1. The line-code should contain timimgjormation.
2. The (line. code musbe immuneto channel noise
and interfeence.
3. The! line code should allow error dedton and
correction.
NRZ Codes
X Different types of NRZ@des are introduced to suit

the \ariety of transmissia requirements. The simplest form of NRcode is NRZ-levk It
is a unpelar. code i.ethe weform is simpleon-off type.

X When symbol ‘I’ is to be transmitted, the signal
occupies high leveldr full bit period. When a symbol0’ is to be transmitted, theignd
has zero volts br full bit period. Fig. 6.2.4 shows exampdé NRZ-L daa patem.

SO | 7, S . T o e R R (R (¢ B A

ON

OFF
}
Bit - Period
Fig. 6.2.4 NRZ-level data pattern
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Features of NRZ codes

1. Simple to genetaand eade.
2. No timing (self-&©cking) information.
3. No error monitoringpr correting capabilitis.
4. NRZ ®ding reeds minimum BW.
RZ Codes
X In unipolar RZ dta patem a“1-bitis\represated

by a half-griod in either first or second hi& of the bit-period. A O bitis represented by
zero volts during the bit griod. Fig. 6.2.5 shows RZ tapdtem.

s 0 1 0 M\

| |
1 1
! ; 1 J
ON : [—-—| H s I——l

1 i
i i
i i

OFF L :

Fig. 6.2.5 RZ unipolar codes

Features of RZ codes

1. The' /signal transition during high-bit epod
provides the timingnformation.

2. Long strings of O bits can cause lossof timing
synchronization.

Error Correction

X The daa transmission reliabilty of a
communcaion system can be improved by incomorating any of the two schemes
Automatic RepatRequest (AR)) and Forward Ear Carrection(FEC).

X In ARQ scheme,the information word is coded
with adequte redundat bits so asto enable detectioaf errors at the receiving end. It an
error-is detected, the omiver asks the sender tetransmit the paicular information
word.

X Each retransmissionadds one round trip time of
latency. Therefore AR tedhniques are not used wdre low latency is darable Fig. 6.2.6
shows the scme of ARQ error correction scheme.

CITSTUDENTSIN — Page194



Optical fiber communication 06EC72

Information

source :
Transmit
controller

ﬁ Feedback channel

Fig. 6.2.6 ARQ scheme

—_—

Encorder | Transmission channel> Decoder Receiver
controller

X Forward Error Correction (FEC) system-adds
redundant information with the orighal information to be transmitted. The error or lost
datais used reconstruady using redundant bit.il®e theredundant bits t0'be addede
small hencemuch additional BW is notrequired.

X Most common error correding codesare cyclic
codes. Wheneverhighestlevel of daa integrity and (confidentidity is needed FEC is
considered.

Sources of Power Penalty

X Opticd’ receiver sensitivity is affected due to
severalfactors combinely e.qg. fiber dispersion; SNR. Few major causesthat degade
receiver sensitivityare — modal noise, disggsive pulse broadening, modarition noise
frequency chping, reflection feelback noise.

Modal Noise

X In multimode fibers, there is interference amang
various propagating.modes-‘which results in fluctuation in receved power. These
fluctuations‘are cdled modal noise. Modatoise is more rfious with seniconductor
lasers.

X Fig. 6.2.7 shows power penalty at
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Power peéalty (dB)

1 i L
1 i ]
6 8 10
Mode selectivelloss (dB)

Fig. 6.2.7
BER = 10"
A=13um
B = 140 mb/sc
Fiber : GRIN (50 pm)
Dispersive Pulse Broadening
X Recaver sensitivity is degraded by Grouplvaty
Dispersion (GVD).dt:limits“the bitrate distance product (BL) by broadening optical
pulse.
X Inter symbol inérference eists dueto spreading of
pulse engyy. Also, ceaeasein pulse enmy reduces SNR at deedor circuit.
X Fig. 6.2.8 shows digsion-induced power penajt

of Gaussian pulsef width o;.
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Power
penalg (dB)

0 t } t 1 t
0.05 01 015 02 0.25

Dispersion parameter (BLD ¢;) &>

Fig. 6.2.8 Dispersion-induced power penalty

Mode Partition Noise (MPN)

X In multimode fiber various longitudinal modes
fluctuate eventhoughintensity remains constah-This createsMode Pattition Noise
(MPN). As aresult d modesare unsynchrenizedra creates additional fluoations and
reduces SNR a detedor crcuit.

X A power penaly is pad to improve SNR for
achieving deired BER. Fig. 6.2.9'shows power penalty &MBof 10° as a functiorof
normdized disgrsion parameter (BLDs,) for different values of mode putition
coefficient (K). (See Fig. 6.2.9 on nexi’pdge

Frequency Chirping

X The changen carrier frequency du& change in
refradive indexis caled frequeng chirping. Becausef frequeng chirp thespedrum of
opticd pulse gets-broaeand degades system peformance.

X Fig. 6.2.10 shows power penalty as a function of
dispersion parameter BD o, for severavalues of bit griod (Btc).
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Power
pena[g (dB)

I
T T T
0.05 0.1 0.15 0.2 0.25

Dispersion parameter =P
(BLD o))

Fig. 6.2.9 MPN induced power penalty

Power

penag{(dB)
b
Ele
0 T T } = f
0.2 0.4 0.6 0.8 1.0
Dispersion parameter =
(BLD o)
Fig. 6.2,10 Chirp, induced power penaity
Reflection Feedback
X The light may reflect due to refradive index

discontinuities at splices and connedors. These refledions are unintentional which
degadesreceiver perbrmance considebly.

X Refledions in fiber link originate at glassair
interface, its reflectivityd given by

(mp-1)°
F T (np1)
\TEf

Where,

ns is refradive indexof fiber maernal.
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X The refedions can be reduced by using index-
matching geat interfacs.

Relative Intensity

X The output of a semiconductorlaser exhibits
fluctuations in its intensity, phase and frequencyeven when the laser is/biased at a
constat current with negligible curent fluctuations. The two fundametal nose
medhanismsare

I) Spontaneous emissiond
i) Eledron-hole ecmbination (shot noise)

X Noise in semiconductor lasers is dominated by
spontaneous emissionaé spontaneously emitted photon addshe oherent field a
small field component whose pbais randomgand thus detgsboth amplitude and phase
is random manar. The noiseresulting from the.randony intensity Ifictuationsis caled
Relative Intensity Noise (RIN). Theresulting mean=square noisercent is given by :

{iz) = RIN (R,P)E ... (6.2.7)

X RIN is measued in dB/Hz. Its typical value for
DFB laers is rangingrom -152 to 158 dBHz.

Reflection Effects on RIN

X The optcd refledion generated within the stgms
are to be/minimized..The reflectedignds increases the RIN by 16 20 dB. Fig. 6.2.11
shows theeffed on RIN due to change ieddback power ratio.

X The feedbdk power ratiois the amounbf opticd
power refeaed kadk to the light outputfrom source. The fetbadk powe ratio must be
less tha— 60 dB to maintain R value less tha-140 dBHz.
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- 120

T

RIN — 140 -
(dB/Hz)

——

- 160 1

i | i
1 i 1

- 40 - 60 -80
Feedback power ratio

Fig. 6.2.11 Feedback power ratio (dB)

6.3 Loss Limited Lightwave Systems

X Maximum ransmission distance is gindy —
L= E lﬂgw [Pt?"ﬂ?‘ij'mftrﬂd)
'xf 'P?'EEEEPEd
Where,

o IS nd fiber loss.

X Maximum tansmission distance L datnines tle
repedaer s@adng. It rangegrom 10 kmto 100 km. Twicd value of bit errorate (BER) <
10°.

6.4 Dispersion‘Limited Lightwave System

X Fiber dispersion limits the bitete distance prduct
BL becaus®f pulse broadening. Wherahsmission distanci limited dueto dispersion
itis.cdled disgrsion limited lightwave system.

X Dispersion probleams can be minimized by using
dispersion shifted ibers. The disgrsion shifted iber dfers minimum lossrad dispersion
at 1.55 pm and operates at 20 Gbfswith repeaer spadng at 80 km.

6.5 Long Haul Systems
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X Long haul sgtem can transmit optd signal overa
gred distance with owithout using repeats. Theeffed of fiber disgersion isreduced by
using fber disgrsion management.

Performance Limiting Parameters

X Performance limiting faors in a fiber-optic link

1 Noniinea effeds of optcd fibers.
2. Sdf PhaeModulation SRV).

3. Modulation instability.

4 Polarization Mode disprsion.(RVID).

Review Questions

1. Derive thethermal noise ciracteristic equation.
2. Whatis the roleof preamplifierin-opticd. recener? Explain in brief different types of
preamplifier avdable.
3. Comment on overallegformance of
i) Highimpedance preamplir.
i) Low-impedance preampldt.
ii) Transimpedance pamplifi er.
4. Exlainthe beafits-of ransimpedance preampki
Explain the following
i) Carrier to noise tatio
i) ‘Relative intensity noise
i)~ Intermodulation distortion
iv) Intermodulation products
v) Composite smond orde

vi) Composite triple ba
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vii) Bed stacking
viii)
6. BEplain with block diagren elements of analog link.
List thesignal impafements in analog sgems.
E>xplain the generation of RIN. Give its e®psion also.
8. Eldorate the importat limiting conditionsof opticd power levé Giventheir CIN ratios
and show the limitations with suitald&etd.
9. With a ea block diagran explain multichanneamplitude modulation.
10. BEyxplain sub-carrier multiplexingethnique in @&-C.
11. In an opticd fiber communcation link, list the different” componentsand their
characteristics to the consideredifsekding it.
12. Briefly explain the importance at link powdudgd. How the losds cdculated, eplain
with opticd power loss model?
13. BExlain the iise-time budget analysis with’its basic elemdhtg @riributesto system
rise time.
14. What is thesignificanceof system consideration in point - topoint fiber links.
15. When distributed networlese preferred?.
16. Explain commonlhyused ednologies in distributed networks.
17. Explain LAN used in fiber optic commurdtion systen.

18. Discuss commonly used topologies usedbierfoptic LAN.
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UNIT -7

SYLLABUS:

WDM CONCEPTS AND COMPONENTS: WDM concepts, overview of WDM operation
principles, WDM standards, Mach-Zeha&der interferometer, multiplexer, Isolaors and
circulators, dired thin film filters, adive opticd components MEMS tednology, variable
opticd attenuators, tunable optd fibers, dynamic gan equdizers, optica“drop multiplexers,
polarization controkers, chomatic disgersion conpensators, tunabldight sourca.

6 Hours
RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd Keiser, 4" Ed., MGH, 2008.
2. Optical Fiber Communications- — Jom M. Senior, Peason Education. 3

Impression, 2007.

REFERENCE BOOK:

1.  Fiber optic communication — Joseph C Palais:"4 Edition, Peason Edaation.
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Unit-7
WDM Concepts and Components

7.1 Wavelength Division Multiplexing (WDM)

x  Opticd signals of diferent wavelength (1300-1600 nogn propagte without interferimg
with ead other. The schme of combining anumberof wavelengths over asilegfiber is
cdled wavelength division multiplexing (BM).

x Ead input is generated by a sefdaraptica source with a unique wavelength. An agli
multiplexer couples ligt from individual sources to theahsmitting fber."At the
receivingstation, an optid demultiplexer igequired to sepanz the diferent carries
before photodetdion of individual signals. Fig7.1.1 shows simple SDM scheme.

Optical fiber Aq

Receiver - 1

Ay 1

!
Ay
Wavelength

demultiplexer

Transmitter - 1

Transmitter - 2
_
1
1
I
I

Optical
amplifier

An
Transmitter - N

Wavelength
multiplexer

Optical
amplifier

Fig. 7.1.1 WDM scheme

X To prevent spurioussignds to enter into receiving chanhethe demultiplexer must kia
narow spectral’ operation with sharp wavelengh cut-offs. The acceptable limit of
crosstalk is<30:dB.

Features of WDM

X Important. advatages or fe@res of WDMare as mentioned below

1. Capaty upgade: Sinceeadt wavelength supports indepdent daarate in Gbps.

2. Transparency : WM can carry fat asynchonous, slow synchronous, synchronous
analog ad digital data.

3. Wavelength routing : Linkgpacity and flexibilitycan beincreased by using multiple
wavelength.

4. Wavelenth switching : WDM can add ordrop multiplexers, cross conneds and
wavelength onverters.
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Passive Components

x For implementing VIDM various passive ra adive componentgre requiredto combine
distribute, isolte and to amplify opta power at different wavelength.

x Passive componentsare manly used to split or combine opticad signals. These
components operates in agaidomains. Passive components dared exemal control
for their operation. Passive componera® fabricaed by using optd fibers by plana
opticd waveguides. Commonkgquired passive componerde —

1. N xN coupkrs
2. Power spliters
3. Power taps

4. Star cours.

Most passive componerage deivedfrom basicstat coupkrs.

x  Std couplercan person combining and splittingf optica power. Therefore, star coupte
is a multiple input and multiple output portviee.

2 x 2 Fiber Coupler

X A device with two inputs and tow.outputscaled as 2 x 2 couet. Fig. 7.1.2 shows 2 x2
fiber coupler.

Throughput power
-
7 /—_

Input power C
p >

Coupled power
s
P2

v

Cross talk C
———
3

e et

Fig. 7.1.2 2x 2 fiber coupler

x Fused biconically tapereddnique is used tabricae multipott coupkrs.
The input and output port has long taperedien of lengh ‘L.
X The taperedestion gradually redced and fised together to fan coupling region of
length*W’.
X Input optca power: Py.
Throughtput power P;.
Coupled power P.
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Crosstak : B
Power due to reelction : Ps.
x The gadual taperedestion deemines the eflection of optcd power to the input port,
hence the device is Ited as directioriacoupkr.
X The optcd power coupledrom on fber to other is depelent on-
1. Axial length of coupling region where the fiefdsm fiber interad.
2. Radius ofiber in couplng region.
3. The diference inradii of two fibers in coupling region.

Performance Parameters of Optical Coupler
1. Splitting ratio / coupling ratio

x Splittingratio is defined &—

P,
Splitting ratio = ( = ) x100%

P, + P,
.. (7.1.2)
2. Excess loss:
X Excess loss is dfined @ ratio of input power tothe total output pewExcess is
expessed in cedbels.

E loss = 101 ( a Y

XCes55 1055 = og Pl n PZJI
... (7.1.2)

3. Insertion loss:

X Insertiondossrefers:to'the lossdr a paticular port to port path. For paftom input port |
to output portj.

Insertionloss = 10 lug—l
Pz

..(7.1.3)

4. Cross talk :

x Cross talk is a pesue of degre®f isolation betveen input pot and power catered or
reflected back to other input por

Py
Cross talk = 10log| =
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Example 7.1.1 : For a 2 x 2iber coupér, input power is 20QtW, throughput power is 9QtW,
coupled power is 85 pW amoss talk power is 6.dW. Compue the gerformance paramets
of the fber coupér.

Solution : PO =200 pW

P1 =90 pW
P2 =85 pW
P3=6.3 uW
) Coupling ratio = (P TP ) % 100%
1 z

Coupling ratio = tosren) * 100%
Couplingratio = 48.75 % ' ... Ans.
i) . Py
Excessratio = 10 log dH
B, +P;
“iooLast
Excessratio = 0.5799 dB
Ans.
ii)

B
Insertion loss = 10lag (P—ﬁ) db
1

(For port'0'to port.1)
) ) 200
=10log —

=3.46 dB ... Ans.

Insertion loss = 10log (%) dB

(For port O to port 2)

_____________________________________________|
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=101log(;2)aB
=371 dB ... Ans.
iV) P,
Cross talk = 101leog (—)
Py
- 10109 (2227)
= -45 dB ... Ans.

Star Coupler

x  Star coupler is maly used 6br combining opttd powersfrom N-inputs and dividéhem
equally at M-output ports.

x The iber fusion ednique is popuarly used or producing N x N star cougtl. Fig. 7.1.3
shows a 4 x 4uised star cougetr.

Fig. 7.1.3 4x 4 fused fiber star coupler

X The optcd power putinto any port on one sidecoupler is equally divided among the
output ports. Ports on'se sideof coupler are isolatefrom each other.

X Total less instar coupler is constitdtey splitting loss and eess loss.

Solitting loss = —10 lc-g[:%) =10logN ...(7.1.4)
Excess loss = 10 lng(ggp';‘—) ... (7.1.5)
i=a Touti

8 x 8 Star Coupler

X An 8 x 8 star coupleran be formed by interconnecting 2 x 2 carpl It requres twelve
2 X 2 coupérs.
X Excess loss in dB isigen as—

CITSTUDEN Excess loss = —10log (F;Dﬂzﬁ') Page 208




Optical fiber communication 06EC72

... (7.1.6)
where F; is fraction of pwer traversing each coupler element.
Splitting loss = 10 log N
Total loss = Splitting loss + Erss loss

=10 (1- 3.32 log F)log N

a—>] - - gl
1 5 9
e =
Ay — e
2 6 10
Ayg— e
3 7 11
ro— N
Ay —> | A
4 8 \ v /4
hy—m @ A A

Fig..7.1.4 » 8 x 8 coupler

Wavelength converter

x Opticd wavelengh conwerter is a devicethat conwerts the signal wavelengh to new
wavelength without mering the etdrical domain.

X In optcd networks; thisis necessary to keg dl incoming and outgping signds should
have unique wavelength.

X Twodypes of wavelengh conwerters are mostly used :
1./ Opted gating wavelength comter
2. Wavemixing wavelengh conwerter

Passive Linear Bus Performance

x For evduating the performanacef linear bus, alllte points of power loss are considered.
X Theratio (Ao) of received power P(x) toransmitted power P(0¥

Pix) 4 a—wxf10
or 10 ...(7.9.1)
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where,
a is fiber d@tenuation (dB/km)

x Passive coupler inlaear bus is shown in Fig. 7.1.5 &ra losses encourresl.

Coupler
/ Fiber

9\\
B

Fig. 7.1.5 Losses _ifi'bus coupler

X The connecting loss isvgn by —
L,= —10log( ¥ F:) ... (7.1.10)

where,
Fc is fraction of optid power lost‘@each port of coupl.
x Taploss is gven by —

Le= —10log Ct ...(7.1.11)
where;

Cq is fraction of opttd power ddivered to the par.

X (The powerremoved attap goesto the unusedport hencelost from the system. The
throughput coupling loss is gven by —

L —10log (1—C)*

thru
= —20log (1—Cy) .. (7.1.12)

X Theintrinsic transmission loss is gven as—
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L, = —10log(1 —F,) ... (7.1.13)

where, Fis fraction of power lost in the cougpl
X The fiber attenuation beween two stations, assumingtations are uniformly separated
by distance L is giveby —

Lﬁber =al (7114)

Power budget

x For powerbudget analysis, fractional power losse®ad link elemat is.camputed. The
powerbudget analysis can be studiext fwo different situations.
1. Neaest-neighboumpower budget
2. Larget-distance power budge

1. Nearest-neighbour power budget

X Smdlest distance powerrénsmission ocurs betvea the adjacet stations e.g. beveen
station 1 and station 2.
X If Py is opticd power launched at station 1'ang, % optica power deeded at station 2.
x Fractional power loss®ccurs a fallowing elements.
- Two tap points, oneof ead station.
- Four omneding points,two dr each station.
- Two coupérs, one ér each station.
X Expression br loss béween stationl and stationcn be writter as—

1{]10g(;—i)= al+ 2L, +4L.+2L, ... (7.1.15)

2. Larget distance power budget

X Largest distance power transmissiaaws béween station 1 and station N.
The losses ttreases linarly with numberof stations N.

x ‘Fractional lossgare mntributed by following elements.

Fiber atenuation loss

Conredor loss

Couplerthroughput loss

Intrinsic transmission loss

Tao loss

X The expession br loss béween station 1 and station tén be written as—
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101log (pp"N:] =(N—1Dal+2NL,+ (N —2)Lgpy + 2Ly + N L, ... (7.1.16)
P
10 195(13—“‘) =N(@L+2L,+ Ly + L) —a@L—2 Loy + 2Ly
W .. (7.1.17)

Example 7.1.3 : Prepare a powebudget br a linea bus LAN having 10stations.. Following
individual losse are meaured.

L= 10 dB
Ly = 0.9 dB
L =0.5dB
L.=1.0dB

The stationsare separated by distance = 500 m ahdrfatenuationis 0.4 dB/km. Couple total
loss in dB.

Solution : N =10
L=500 m=0.5km
o = 0.4 dB/Km

Total loss = M L+ 2 Lg% Ly, + L) —al—2L,  +2L

tE.Fl

10(0.4x05+2x1+0.9+0.5)Y0.4 x0.5-(2x0.9) +(2x10)
54 dB

.. Ans.
Star Network Performance

x (f Psis the iber coupler output powdrom source ad P is the minimum optid power

required by recéver toadieve spedfied BER.
x Thenfor link beween two stations, the power balance equatioivendpy —

PsPr = Lexcas+ o (2L) + 2L + I—split

where,

LexcessiS €XCess lossdr star coupler (Bfer equation 7.1.13),
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Lspit IS splitting loss dr star coupler (Bfer equation 7.1.12),

a is fiber atenuation,

L is distancerom star cougr,

L. is connector loss.

X

The lossesn star néwork increasesnuch slower as compardd passiveliner bus.
Fig. 7.1.6 shows total $sas a functiorof numberof attached stations-forlinea bus
and star archadures.

Linear bus
200 +

Power loss

between 190 T

station 1 and N
(dB)

100

Star network

50

b % ;
10 20 30 40 50

Number of stations

Fig. 7.1.6 Comparative performance of linear bus and star network

Photonic Switching

X Thewide-aca WDM networksrequires a dynant wavelengh routing schene that

can recorfigure the network while maintaining its non-bloking natue. This

functiondity-is provided by an optitaross omed (OXC).

The. opted cross-connets (OXC) directly operge in opticd doman and can route
very highcgpadty WDM data streans over a networlof interconeded optcd path.
Fig, 7.1.7 shows OXC arckitture.
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Demux Space switches MUX
= . .
Input M-y : : AN Output
fiber 1 ' : fiber - 1
\ i !
Input }'1“""'}‘N
fiber 2 v

Input D —
fiber M

Added Dropped
Fig. 7.1.7 Optical cross cohnect architecture

Non-Linear Effects

x Nondinea phenomena in optd fiber affeds the overdl performance oftte opticd fiber
networks. Some important ndinea effectsare —

Group viocity dispersion (GVD).

Non-uniform gain for different wavelength.

Polarization mode disgrsion (RVID).

Refledions from splces and conndors.

Nonlinea inelastic saternng procsss.
6. Varnationinrefractive index in iber.

X The nonlinea effeds catribute to signal impairements and intraesi BER.

a bk wnhpeE

7.2 Dense/Wavelength Division Multiplexing (DWDM)

DWDM:

1) DWDM (Dense wavelenf — division multiplexing)is a dda transmissiongdcnolbgy
having very large caguty and efficiency.

2) Multiple data channés of opticad signds are assigned different wavelengths,and are
multiplexed onto oneblier.

3) DWDM system consisbf transmitters, multiplexers, opticd amplifer and demultipleser.
Fig. 7.2.1 shows pjcal applcaion of DWDM system.
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Transmitters

Video CHANNEL -1
1
: n - channel
Audio CHANNEL - 2 Fib@length

DWDM

Text CHANNEL - 3 MUX Ol
B ifi
‘ By Ry 40 ) Amplifiers

! b
Data CHANNEL - n Fiber length

Receiver - 1

n - channel -
DWDM
DEMUX =

Receiver - n

Fig. 7.2.1 DWDM system

=

S

4) DWDM used sinlg mode fber to @ary multiple light waves oflifferent frequencis.
5) DWDM systemuses Erbium — Doped FibertAmplifers (EDFA) for its long haul
applicaions, and to overcome tledfeds of dispersion‘andt&nuation channel sging of

100 GHz is used.
7.3 Mach-Zehnder Interferometer (MZ) Multiplexer

X Madh-Zehnder irgrferometryis.usedto make waveleritp dependet multiplexers. These
devices can be eitheadive©r passive.
X A layout of 2 x 2 passive MZLis shown in Fig. 7.3tlcdnsists othreestages
a) 3-dB splitte
b) Phaeshifter
c¢) 3-dB Combirer

L+AL
A el o > Eout, 1
w
1 1 J AlL
by R
Ein.2 - L L N By
il [ g
o T
3dB Phase 3dB
splitter shifter combiner

Fig. 7.3.1 Layout of 2x 2 passive Mach-Zehnder Interferometer
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x Initially a 3 dB diretional coupleris usedto split input signals. The middlestage, in
which oneof wavegiide is longer byAL to given a wavelerity dependet phase shift
beween the twoams. The thirdstageis a dB coupler which recombines tis@nés at
output.

X Thus input beam is splitted anphase shift it introduced in one of the paths, the
recombined sigra will be in phase at one outputrad out of phase at other, output. The

output will be avdable in only one paor
Output povers
X The output powrs are given by —
Pout, 1= Eout1 + E outt ... (7.3.2)
Pout, 2= Eout2 + E out2 ... (7.3.2)

The optca output powes are squar®f respective optta output field stengths.

. 7 AL 2 AL
P,y = sin (kl ?) P,z 4 tos (kz ?} Pz ... (7.3.3)
2 AL, . s AL
P,y = cOS° [kl?) P, tsin [k: ?} P ... (7.3.4)
where
k= 27 noe/M

AL = Differenceof path lengths,

-
=

P

i)

inj\—rF /inj in,j

x If all"the powerfrom bath input should ¢ave the sane output port (any of outpytort)
then, tfere'is need to have, == n ndk,~ = «/2

(k, — k,)AL= 2= nﬂ(f—i] AL ...(7.3.5)

-n

X The length dference in interferometesirms should be
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-1
AL = 27 neﬁ[%— ;L_l]

... (7.3.6)

C

- e AV ... (7.3.7)

AL

where,
Av is frequency sepation of two wavelengths
Nert IS &fective rdractive index in waveguide

Example 7.3.1 : In 2 x 2 MZIs, the input wavelengths are separated byGH¥. Thesilicon
waveguide hsmes = 1.5. Compute the waveguide length differen

Solution : Given: Av=10 GHz = 10 x 1OHz
Neff — 1.5

The length dference is gven by

__° , ...(7.3.8)
AL = 2Masr AV

3 x10°%

AL = ————=
211 210 x 10

AL =10 mm ... Ans.

7.4 Isolator

X An isolatoris a passive non-rgmocal device It allows transmission inone direction
throughdit and blocks allrensmission in other direction.

X Isolator are usedin systems before opticd amplifiers and lasers manly to prevent
reflectionsfrom entering thesedevices othewise performance will degde.

X Important parametersof an isolator are its insertion loss (in forward direction) and
isolation {n reverse direction). The inertion loss should be asmell as possible while

isolation shouldbe as large as possible. The tygiinsertion lossis around 1 dB and
isolation isaround 40 to 50 dB.

Principle of operation

x Isolatorworks on the pinciple of state of polarization (SOP)of light in a single mode
fibers. The state of polarization (SOP) refeit® the orientation of its ekdric field vedor
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on a plane that is orthogoral to its directionof propagation. The eldric field can be
expressed aslinea combinationof two orthognal linea polarization supported byilder.
These two polanization modes are horizontal and verticd modes. The principle of
operation is illustated in Fig. 7.4.1.

Faraday
rotator
State of CD (D / @ ®;
polarization oS
Incoming
light

Reflected light

" Blocked (D\ / Q ©

Polarizer

Fig. 7.4.1 Isolator works only for a partidular state of polarization

X Let input light signal has vertical state of polanization (SOP) and blocks enagy in
horizontd SOP, The palrizer is followed by Faraday rdta.
x Faraday rotatoiis an asynmetric.device which rotates theOF clockwise by 45 in both

direction of propagation. The pafizer after Faradg rotator passonly SOPs with 4%
orientation. In this way ligt signalfromleft to right is passedthrough the device without
any loss.

X Light entering the déviedrom right dueto refledion, with same 45’ SOP orientation, is
rotated another. 4%y the Faaday and blocked by the next pozer.

7.5 Circulator

X A threg"part giculatoris shownin Fig. 7.5.1. Signa of different wavelengthsre entered
at aport and sends them out at next fpor
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Circulator

Port 1
Input wavelengths ‘

R g By o

Fig. 7.5.1 Optical circulator

x All the wavelengthare pasedto port-2. If port-2 absdos any sgdfic ‘wavelengh then
remaining wavelengths are reted and sends them to’next port-3.

x Circulators are used to implement demultiplexeriusing. o fiber Bragg grating for
extracting adesired wavelength. The wavelengthsatisfying the Bragg condition of
grating ges reflected and exits at next pott. 'Fig. ‘7.5.2 illustrates the concept of

demultiplexer @inction using aiber gating end an optcd circulator. Here,from al the
wavelengths onl¥; is to be extractk

Circulator i hg Ay
Port 1

Fiber
Input wavelengths

—HHHH—— 4,22

Ay Mg Ry, Ag

Dropped wavelength
A

Fig. 7.5.2 Demultiplexer function using fiber grating

x The_cirailator takes four wavelengtiid, A2, A3 and A4 from input port-1 tunable filte
operateson similar pinciple as passive denss. It operatesover arange of frequencis

and canbe tuned at only one opl frequencyto passthrough it. Fig. 7.6.1 illusttes
concept of tunable filer.
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2

_ l
Optical Tunable (S)stiegc;tled
input optical output
frequencies filter frequency

1

Tuning control

Fig. 7.6.1 Tunable optical filter

X The sygtem paramegrs for tunable optd filt ers are —
1) Tuning rageAv)
2) Channel spang (Bv)
3) Maximum nunber of channés(N)
4) Tuningspeed.

1. Tuning Range (Av)

x The range over which filter can be tunedisyedied tuning range. Most common
wavelengh transmission windows-1300 @d 1500 nmthen 25Hz is reasonable tuning
range.

2. Channel spacing (8v)

X The minimum frequency separationtween channés for minimumecross talk. Thesross
talk from aljacent channel should be 30 dB fresidable performance.

3. Maximum number'of channels (N)

x It is maximum numbepnf equally spaced channés that can be packed into the tuning
range maintan an adequately lowlevel of cross-ték between adjacent channels.It is
defined as theatio of the total tuningangeAv to channel spaag év.

N=2
owv
4. Tuning speed

X Tuningspeed spdfied how quickly filtercan be resefrom one frequencyotanotter.

Tunable Filter Types
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x Tunable filers with fixed frequencypadngs wih cannel sepeations that are multiples
of 100 GHz §v < 100 GHz) are used in WDM sgtems

Tunable 2 x 2 directiohaoupkrs

Tunable Md-Zehnder mterferomegrs

Rber Fabry-perot filters

Tunalbe waveguiderays

Liquid crytal Fabry-perot filters

Tunable multigratinglters

Acousto-optic tunable féts (AOTFs)

NoaMwdPE

7.7 Dielectric Thin-Film Filter (TFF)

x A thin film resonant cavity filter (TFF) is a Fabry-pept interterometer. A cavity is
formed by using multiple reflective dieledric thin/film. layes:"The TFF works as
bandpasfilt er, passing tlough spedfic wavelengh and refleding dl other wavelengths.
The cavity length dedes the passing wavelength.

x Filter consistingtwo or more cavities dieledric “refledors is caled thin film resonant
multicavity filter (TFMF). Fig. 7.7.1 shows #hree cavity thin flmresonant dieledric
thin film filt er. '

} Thin film
dielectric
reflectors

__ Cavity -2

\-—v-_l

Glass substrate
Fig. 7.7.1 Three cavity filter

x For configuring a multiplexer and demultiplexer, a humbe of such filters can be
cascaded. Eachfilter pas®es a different wavelengh and refleds other. While using as
demultipleer, the filter in cascade p&®s one wavelenly and refleds all others onto
seond filter. The semnd filter passes another wavelengh and refleds remaining
wavelengths.
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Features
1. A very flat top on pehand and vergharp skirtsare possible.
2. Device is exemelystable in tenperaure vanations.
3. Verylow loss.
4. Device is insensitive to @oization ofsignals.

7.8 Optical Add/Drop Multiplexer

x As add/dop multiplexeris esentially a formof a wavelenth router'with one input por
and one output port witmaadditional Iaca port where wavelengths are added to/dropped
from incoming light signlalt is an appkaion of optcd filter in-optica networks.

x Fiber grating devices are used for add/dop functions./Many variations of add/dop
elementcan be redized by using @tings in combination with cougis and circulators.

7.9 Tunable Lasers

X Tunablelight sources areequired in many optcd networks. Tunable la&ss aremore
convenientrom oper#éional view point Bcaiseof follewing advantages —
- Only one ransmitter part. '
- Independent ofoperating wavelenit
- It reduces numbef different parts to be stocked and handled
- Capableof being tuned.over:8 nmto20 wavelengths.
- Wavelength tuning.without changing output power.
x Different tunable lase@re -
1 Vetticd cavity suface emitting laers
2. Modelocked lasers

Review Questions

With-a'rea sketd explain WDM scheme.
Stae the significance of passive components in WDM.
E>xplain the construction and workimg 2 x 2 fber coupér.

Explain various performance parameters of ogtcoupkr.

a bk w0 E

E>xplain star coupler used iibér optics.
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6. Brefly discuss DVDM with a simplesketd.

7. BEyplain MZI multipleer.

8. Derive an expession br difference in length for MZI multiplexer

9. BExlain the mea of isolator in optid network. Gve its principle of operation also.

10. Desribe the usef circulatorin optica system. How demultiplexercan be implemented
using fber gating and circulator?

11. What is a tunable opd filt er?

12. Explain system paametes for tunable optickfilt er.

13. BExplain the construction and apgdiion of dielectic thin film filter(TFF).

14. Write a note on o# add/drop multiplegr.

15. Write a note on tunable &s
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UNIT -8

SYLLABUS:

OPTICAL AMPLIFIERS AND NETWORKS: opticd amplifiers, basic applications and
types, saniconductoropticd amplifiers, EDFA. Optica Networks: htroduction, SONET / SDH,
Opticd Interfaces, SORT/SDH rings, Hich— sped light — waveguids.

6 Hours
RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication — Gerd Kéiser, /4" Ed., MGH, 2008.
2. Optical Fiber Communications< — John M. Senior, Peaison Education. 3¢

Impression, 2007.

REFERENCE BOOK:

1.  Fiber optic communication — Joseph C Palais:"2 Edition, Peason Edaation.
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Unit-8
Optical Amplifier and Networks
8.1 Optical Amplifier

X Most optcd amplifiers amplify incident light through stimulated emissiorAn opticd
amplifier is nothing but a laserwithout feedback. Opticd gan is adievedwhen the
amplifier is pumpedopticdly or eledricdly to acieve populationinversion. Opticd
amplification depends on-

- Frequency (or wavelengjtof incident signa

- Local eam intensity.

Fig. 8.1.1 shows basic operation of ogtamplifier.

The exemal pump source ergy is absorbed by the@drons in theadive

Optical i
; 2 Active Amplified
i —1 Coupler - g a N gt
put medium RS optical output
Pump
source

Figd'8.1.1, Optical amplifier

medium. The @drons shifs to the higher engy level poducing population inersion.
Photonsof incoming signal.triggers these exated eledrons to lower level through a
stimulated emission-peass, producing amplified ol signd.

Amplifier Types

X The optca amplifiers can be classified into two main type
1. Seniconductor optid amplifier (SOA).
2. ‘Dopediber amplifier (DFA).

X Bath:the types stimulated emission qass.

8.2 Semiconductor Optical Amplifier (SOA)

x SOA is a Laser diode without endrmoirs and with antireflection coating coupled to both
fiber ends. Light coming in eitheibér is amplified by &ingle pass through the lase
diode SOA is a atemative to EDRA.
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Active medium consists oflay semiconductor (P, Ga, In, As).

SOA works in both lowtge4nuation windows i.e.300nm and 1550nm.
The 3dB bandwidth is about 70nmcluseof very broad gain spectrum.
SOA consumes less power and femger components.

Two major types of GA are—

a. Fabry - perot amplifier (FRA)

b. Travelling wave amplifier (TVA)

x SOA ha&rapid gain response 1 ps to 0.1 ns.

X X X X X

8.3Erbium Doped Fiber Amplifier (EDFA)
Erbium-dopediber amplifers:

X Theadive medium in an optd fiber amplifier consists of a nominally 10 to 30 m lgng
of opticd fiber that has been tightly doped with a rare-earth element such as Erbieim ()
Ytterbium (¥;), Neodynium (V) or Praseodymium-£:). The ‘hostiber materihcan be
eitherstandard silica afluoride-based glass or a‘multicomponensgla

X Theoperating regions dihesedevices depends on the host reaal and the doping
elements. Flouromonate gl@&ses doped withE,. or N, are useddr operation in the
1300-nm window, since neitheftheseionscan amplify 1300 nm sigriawhen
embedded in silica gkss.

X The most popular maiial for long ‘haul'telecommuaoéion applcaion is a silicaiber
doped with Erbium, which is'known as Erbium-dopiberf amplifieror EDFA.

X Theoperation of an EDR by itsdf normally is limited to the 1530 to 1560 megion.

Features of EDFA

X Active medium icreated by erbiumg,), ytterbium (¥3,), neodymium {V, ),
praseodymiumeé;..).
x DFA can pump device at severalfdient wavelength.

X Low coupling loss.
x Constant gain.

Ps,o Ll

P

Sin

. P PS'_.IS‘HE
Power Conversin Ef ficiency = P =
Zin

1
CITSTUDENTS.IN

Amplifer gain G =
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¢

Example 8.3.1:An EDFA amplifier produces, ... = 27 dBnfor an in out level of 2 dB at
1542 nm.

i.  Find the amplifier gain.
ii.  What is the minimum pump powssguired ? [Jan./Feb.-2007,410 Marks]

Solution : i) Amplifier gain

i) Pump power B,

I

<>
T pﬁu
o
E
Pl
1A
'_'..

Sin

Ps,our = P‘p,in

Therefore minimum pump-power should be 27/1dB ... Ans
8.4 Optical Networks

Introduction

X ‘SONET (Synchronous Opt Network) is an opttd transmission interface oriigally
proposed by Blécore and Stadardized by ANSI

x Important characteristics, similarities and differences between SONET and SDH:
1. SONET is a synchronous netkor
2. SDH is also a synatmous network with optid interfaces.

3. SONET is a set astandard interf@es on an optid synchronous network of
elements thiaconform to theseinterfeces.
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4. SONET interfees defnesall layers,from physicd to the appltation layer.

5. SDH s a set aftandard interfaces in a néwork of elements thiaconform tothese
interfaces.

6. Like SONET, SDH inerfaces define all layerdrom physicd to the applation
layer.

X The SONET stadard addesss the followingspecific issues:

1. Establishes standard multiplexing format using any numbef 51.84Mbs
signals as building block

2. Establishean optcd signal stadard for interconeding equipmentrom
different suppkrs.

3. Establisheextensiveoperations, adminisétion and maintenangegpabilities as
part of thestandard.

4. Defines a synchronous multiplexing fortiar carying lower level digtal
signals.

Broadband Networks

x Fig. 8.4.1shows SONET/SDH network sices. (Refer Fig. 8.4.1 on next [gg

X Voice video data, iremet and dé&airomLAN’S, MAN’S, and MAN’S will be
transported over a@NET or a'SDH nevark.

X The SONET network is also able tartspot asynchronouganger mode (ATM)
payloads. Theesystems;caled broadband can manage a very large agggrégadwidth
or traffic.

F;
1 i
iL = Internet

SONET/SDH
BB

NETWORK

Video
Fig. 8.4.1 SONET/SDH services
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SONET versus SDH
Someof the ednicd similarties beaween SONET and BH are :

Bit rates and frame format organization.
Frame synchronization scherae
Multiplexing and demultiplexing ruse
Eror control.

rpwpnPE

SONET/SDH Benefits
Advantagesare listed below :

1. Reduedd cost is lover.
a. Operation cost is loer.
b. Saneinterface for all vendors

2. Integated netwok elements :
a. lallows br multivendor inemetworking:
b. It has enhared ndwork element.management.
3. It offers network survivability éaures. .
4. Itis compatible with leary and future networks:
5. Remoteperation capabilitis. It is remotely povisioned, tsted, inventoried, customized

and reconfigted.
SONET and SDH Rates

x The SONET sedficaion cefines a hiearchy of standardized digtal data rates. SONET
and PH ratesare cefined intherangeof 51.85 to 9953.28 Mbps and highretes at 40
Gbpsare also under study.

SONET SDH

Electrical Optical ITU-T D(?Jlab;i;ce Pa)(’:\;;‘;:)ate
STS-1 OC-1 51.84 50.112
STS-3 OC-3 STM-1 155.52 150.336
STS-9 OC-9 STM-3 466.56 451.008
STS-12 OC-12 STM-4 622.08 601.344
STS-18 OC-18 STM-6 933.12 902.016
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STS-24 0C-24 STM-8 1244.16 1202.688
STS-36 OC-36 STM-12 1866.24 1804.032
STS-48 OC-48 STM-116 2488.24 2405.376
STS-96 OC-96 STM-32 4876.64 4810.752
STS-192 0C-192 STM-64 9953.28 3621.504

1) Ss1 = Synchronous transport sigral

2) OC = Optcd carier

3) STM = Synchronous transport module

4) ITU-T = Intemational Tebcommuncaion Union TeEmmmuncation
Standardization &dor.

When the SONET signal is in itseelrica nature, it is. known &synchonous tanspot

signal level N (STS-N). The[3H equivalent is cded synchronousansport module

level N (STM-N).

After its conversion into optd pulses,<itis known as opd carier levelN (OC-N). In

SONET, N takes the value 1, 3, 12;48 and 19R earresponding bitates at 51.48,

155.52, 622.08, 2488.32 and 9953.28 Mbps:

Why use SONET/SDH?

x Why glassfiber is béterthan copper'wie? Following are the befits of glass iber.

1. Hber yields thinnecable than copper.

Rber an transmit withoutrepeaers at longer distates as compare with copger.
Higher bandwidth per fds.

Lower bit eror rate.

Higher tansmissiorreliability. Glass fber is not as susptible toradio frequencyor
EMl as copperwire unless it is shided and well grounded.

apr N

Optical Components

The optcd componentsre

Optcd transmitter
Recaver

Rber medium

. Optcd amplifier

powpnE

. Optical transmitter
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X
X

It is a transducethat converts ekdricaplses to optid pulses.
The tansmitter is charaetized by

a) An opticd power

b) A rise time

c) Central wavelengh

d) Wavelength range

x Laser diodshave beter controlled paramets, higher optid power, and $ort'times and

therefore are liger suited ér multimega bit rate.

x Light emitting diods (LED) transmit a wider band ofvavelengthsare more

inexpensive andre beter suited ér lower bitrates than laseransmiters.

2. Receiver

X

It is a transducediat conwerts opttd pulses to electtd ones. Photodetéwrs can be
made with photresist maenal or senicondudors. Theresponse times of these
tednologies are verydifferent.

For multimega bitrates, detedors must hae high-optcd power sensitivity, veryast
response to a range of wavelengths that matchesiige of tansmitted wavelengths.

3. Fiber medium

X

Ultrapure glasfiber is the medium used to guide light psidgght pulsesare generated
by the transmitter and deted by the receer.

X The motivation to use giafiber.nsteal of coppemwire is that the abilityo transport a

higher bit rae signal moreeliably, with fewererors andover alonger distane

4. Optical amplifier

X

An opticd signd propagating in‘afiber will be atheiated. The optical signal must be
amplified to compesate for losses in theilber.

Amplifying opticd sighals is’a multi step peess. Tyically, the optical signal is
conwerted te an @dronic signal, then it is amplified, and then it is cerned kad to
opticd. This function’is known aregeneration and it isrelatively expensive.

Another techniquéo amplify an opttd signalis to use an k opticd amplifier (OFA). It
consistsof a fber segmat doped with erbiumand pumped withlight of wavelengh at
980 0r1480 nm. This pumping presexdtes theerbium atoms in the fiér.

When the optid signal with a wavelert@ in the range of 1530-1565 nm s through
the iber, it causes the eked erium atomsto yield photonsof the sane wavelength
with the signd. This is known as stimulatednéssion ad theresult is more photons out
than the photons in and thus @amplified optcd signd.

x Amplifiers are ofthree types :

a) Single wavelength digal amplifiers.
b) Multiwavelength digal amplifiers.
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c) Amplifiers for analog appéations sut as CATV.
SONET/SDH Network
x The SONET/PH network consistsof nodes or network elements (NE) that are

interconeded with fber cable over which user rBd networkinformationis transmitted.
Fig. 8.4.2 shows SONET network

DS-n

OAM & P

OCN
NON-SONET i 0y

OC-N

Fig. 8.4.2 SONET network

x SONET NEs may @ve signds{from a varietyof facilities suwch as DS1, DS3, ATM,
Internet ad LAN/MAN/WAN.They also mg receve signds from a \ariety of netwok
topology.

x SONET NEs must haa poper interfaceto conwert theincoming data format into the
SONET forméa.

Network Topologies

X Netwoik fallsinto three topologies :

1/ Ring
2. Mesh
3. Tree

1) 'Ring topology

1. Jt consistsof NEs interconaded with a dual fier, the pmmary and secondary, to
form a ring.

2. When one of these two fibers breaks,the otherfiber in the ringis used.This
mechanism providesrénsmission pradion and ringrestorationcgpabilities.

3. If both fiber breakthen the network is econfigured, foming a ring using both the
primary and secondary. Information flows in all thteefs but the brokeones.

4. Ring topology offerdast path and is widely used in LANSs.
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5. Fig. 8.4.3 shows ring topology

Fig. 8.4.3 Ring topology

2) Mesh topology

1) It consists of NEsuily interconnected.

2) When an inteanneding link bre&ks, the djacent NE detets the bedkage and
routes the traft to another NE. this ethanism providesrénsmission pstedon
and netwok restaation capabilities:

3) Fig. 8.4.4 shows mesh topology.

Fig. 8.4.4 Mesh topology

4) The mesh topology is better apgiile in densely populateateas
3) Tree topology
1. it is a hierarchid distribution of NEs and is mostly usedn LANs swch as
Etheme.
2. Fig. 8.4.5 showgéetopology.
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Fig. 8.4.5 Tree topology

3. Asouce is connectedto a distribution function. asa hub, that routesthe
padket to its destination node. A coedion between souce and destindion is
established ér the duration of theguket through hub.

4. This networks very efficientfor asynchronous datransmission but notoir
real time déa and voce :

SONET Multiplexing

The SONET spedfication defines'a hierarchy of standardized digital daa rates. The basic
transmissiorrate defined in the/®H is.155.52 Mbps iad is known asa synchronous transport
module level 1 signal ($M+1). Highe raes of IM-4 (622 Mbps) and BM-16 (2.4Gbps) &
also cfined.

X

In the SONET hierarchy the £m synchronousrénsport signal(STS)or sometimes
opticd signal(OC) is usedto define the equivalet of an STM signd. An STM-1

signalis produced by multiplexing tke suchsignds together and hences equivalet

to an STS-3/0C-3ignd. As with the plesiochronoudigital hierarchy (PH), the

STM-1 signalis compiised of arepetitive setof frames which reget with a period of

125 microec Theinformation contat of each fame can be usedo cary multiple

1.5/2/6/34/45 or 140 Mbpstreams. Bch of these strams is caried in a different
contaner which also contains additional 8ing bitsto allow for vanations in acdual
rate. To this is added sme contol information known as the pgaoverhead which
allow swch thing as the BR of the associated comar to be monitared on an ad-to-
end basis by network management.

To provide the nea=ary flexibility for each higher ordersignd, in additionto the

overheals at the bad of ead lower level I M frame, a pointeis usedto indicae the
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lower level M frames position within the higher orderafme. Multiplexing and
demultiplexing operatiois performed by a device known asodrand insert or add
drop multiplexer (ADM).

-

Logical network

(a)

Multiplexer ADM Demultiplexer

e i

Remove  Aded
()
Fig. 8.4.6 ADM multiplexing

SONET System Hierarchy

X SONET Sgtem hierarchy has four layseas mentioned below :

1. Photonic layer : this spedfies the types of opticd fibers, the minimum
required laser powr, sensitivity of thereceivers and dispersion characterist&
oflasers. This is the physd layer.

2/ Section layer : This Layer genetes SONET frames and convert the
eledronic signals to photongignals.

3. Linelayer : This Layer synchronizand multiplexes the dainto SONET
frame.

4. Path layer : This layer performs end to endrisport of daa at the poper
rate.

Fig 8.4.7 shows the stem hierarchy of SONET.
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Services
Path Path
Lihg STS-N blocks Line
Section Frama Section
Phatonic |—=dit Photonic
Terminal Regenerator Multiplexer Terminal
STS
Fig. 8.4.7 (a) Logical hierarchy
SONET muitiplexer (PTE+LTE)
(STE) (STE)
| Repeaters (LTE) Repeatgfs R 74
From |—-» ’ ‘ - >‘ = 1o
terminals | —- »‘ ADM »4 ‘ = terminals
—_— —
_#Secuon Section Séetion . Sectign
Line i Lip§
Path

Fig.\8.4.7 (b) System hierarchy

X A sedion is the twosbasic phsrcal building block ad represents a single ruaf optica
cable baween two opticaliber transmitter orecavers. For shorter run thegble may un
directly betweéen twe-end points. For longer distarces, repeders are used. Repeater
amplify the’signals.

x A line is‘a sequenc®f one or more ®dions swch that the inemal signal or channel
strudure of the signal remains constant. Endpoints and intermediate switches or
multiplexers that may addor drop channelssiminae aline.

X A pah,connets to end teminals, it correspondsto an end-to-end circuit. Data are
asembled at the beginningf a path ad are not @cessd.

SONET/SDH Frame

X SONET frane consistsof a 810 octes and is transmittedonce every 125 g, for an
overdl daa of 51.84 Mbps. This fraeis STS-1 building blocks. The fnee can logicaly
be viewed as a maik of 9 rowsof 90 octés each, with transmission being onew at a
time, from left to right and top to bottom. Outof 90 columns (octet), the &t three
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columnsare allocated forransportoverhead. (3 octés X 9 rows = 27 octets). Nine otse
usedfor sedion overhead (3rows, 3 columns)and 18 octés for line overheal (3
columns, 6 row) total of 27 octets o&risport overbad. Fig. 8.4.8 shows frae forma.

|L 90 octets

87 octets
Synchronous payload environment (SPE)

NS g
o—— -1
w0

Section 0

3
octets
Line 6
octets

18 octets

\——v—_l
1 octet

path overhead
Transport
overhead
(3 octets)

Fig. 8.4.8 STS-1 frame format

X 87 columns ad 9 rowsi.e. 783 octes are cdled:thesynchronous payload enveloper
(SPE). In SFE, 9 bytes (1 column, 9 row)'is used for path ogethSFE contains use
data and pah overhead. Ptn overhead -used @r maintenance ral diagnostics aead of
the circuit. Fig. 8.4.9 showsthe arrangemet. of pah overheadoctets. This format is
general formafor higherrate frames.

Section overhead
9xN SRM-N payload

= gctets = 261 x N octets I

9 octets

— 270 x N octets : i

Fig. 8.4.9 STM-N frame format

x SONET offers astandard dop-and-insert capablity and it applies not justo 64 kbps
channels but to higher tterates as well. SONET makes usé a set of pringrs that Icae
channels within a pdyad and the entire payload within a frame.

x Then information can be irsted, accessed and removed with a simple adjustmeof
pointers. Pointerinformationis contanedin the pah overheadthat refers to the multiplg
strudures of the channels contaed within the payload. A pointen the lineoverhead
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serves a similar dnction for the entire payload. The synchronous lpag environment
(SFE) of an STS-1 framean float with respect to the frame. Theadual payoad (87
columns X 9 ows) can staddle two frams. Fig. 8.4.10 showtocdion of SFE in STS-1
frame The H1 &ad H2 octets in the lineverheal indicae thestart if the payload.

Pointer | _—" Frame 1

SPE

Pointer Frame 2

Fig. 8.4.10 SPE in STS-1 frame

X Because even the gieatomic timing sources-cathffer by small amounts, SONET is
faced with coping withhe resulting timingdifferences. Each node must recaldate the
pointer to atrt the nex receiving nodef the‘exact loaion of thestart of the payoad.

X The payoad is allowed to slip through anSTS<1frame, increasing or decreasing the
pointer value at irtrvals by one bte position. If he payoad is higherthan thelocd STS
frame, rate, the pointelis decreased by one octet positemthat the n&t payoad will
begin one octet soondran the edrer payoad.

X To prevent the lossofan octeonthe pajoadthat is thus sqeezed, the H3 octes used
to hold the &tra octet drthat one frame. If the payloadie lags behindte frame rate,
the inertion of the next payload is delayed by one bcte

Virtual Tributaries (VT)

X VTsare small'containers that are used to transport used payloadsSDH, thesesmall
contanersare cdedvirtual containers.

X [VTs came in certainnedetermined capadties.
1. A VT with a 3 column caguity, or a total of 27 bytes, is known as VT1.5.
2. A VT with a 4 column cagaity, or a total of 36 bytes, is known as VT2.
3. A VT with a 6 column cagity, or a total of 54 bytes, is known as VT6.
4. A VT with a 12 column cauity, or a tothof 108 bytes, is known as VT12.

Fig. 8.4.11 shows a viral tributaries.

X InSDH, a VT1.5cdled aTU-11, a VT2 is chhed aTU-12 and a VT6 igdled aTU-2.
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x The following table lists detail sof all VTs and padorats.

VT pasyload
VT Type | Column/VT | BytesVT | Vis/Group | VTS/SPE | L o)
VT1.5 3 27 4 28 10728
VT2 4 36 3 21 2.304
VT3 6 54 2 14 30456
VT6 12 108 1 7 6.901
VT1.5 (27 bytes) VT2 (36 bytes) VT3 (54 bytes)
171213 11213 ]4 112 |3 |4 |546
9 rows
27 36 54
3 colum?'ngs £5oc 4 columns Le2use 6 columns e

VT6 (108 bytes)

1 2 3 4 5 6 7 8 9 10 | 11 | 12

9 rows

108

12 columns 125 psec

Fig. 8.4.11
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overhead Definition

Sedion owerhead : SONET

X The first three rows of theoverheadspacein an STS-1 frame, a totaff 9bytes ary
synchronization andegtion overhead information.
x Fig. 8.4.12 shows STS-&daion owerhead.

Section
erhead|

uuuuuuuu

1 2 3

STS-1
ID
C1

1| Framing | Framing
A1 A2

Order
2 BIP -8 wire User
B1 £1 F1

3 |Data com | Data com §Data com
D1 D2 D3

Fig. 8.4.12 STS-1 section overhead

X The first two bytes of an STS-1 fn@e contan afixed patem, known as Al ad A2. This
patem, OXF628 or in binary. 111101100010 is usedby the receiverto detd the
beginningof the frame and thus synchronize wiith

X Theremaining 7 bytes in this @head sectiorare :

1. Al and A2 conia a fixed franing pdatem and are geat the hexagldmal value
OXF628 (1111 0110 0010 1000). A1 and &2 not scrambled.

2. Clisthe STS-Diand is @&fined br ead STS-1.

3. Bl isa bieused br error monitoing.

4. Edis a 64 kbps voice commeaion channefor crat personné

5.4 F1 isused by the section.

X DLto D3 constitute a 192 kbps commaaion channel beteen STEs. This channes
used for -ala€ms, maintenance control, monitoling, administation and other
communcaion reeds.

X In"an'STS-N signd, this channelis defined for the first STS-1only. The other N-1
channels are not used.

Line Overhead : SONET

X Rows 4-9 or a total of 45 bytesny the lineoverhead information and shown in fig.
8.4.13.
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X Thesebytes are deihed & follows.

1.
2.

3.
4.

H1 and H2 define thdfset béween the pointer and firsSFE byte.

H3 efines anadion bye for frequency, justitaion purposs. It caries valid
payload if the justifiation is negative.
BIP-8 is used fdocating arors.
K1 and K2 are useddr automatic pradion switching. In STS-N thiss defined

for #1 only.

D4 ad D12 constitute a 576 kbps commeation channel betes line ermminal
equipment for alarms, maintenance, contrahonitoring, administation.and othe

communcaion nedals.

Z1 ad Z2 are not dfined. In STS-N thigs defined r #3. Z2is only defined &
line for end block error.
E2is an expess64 kbps commungtions channel hevear LTE. In STS-N thisis

defined r #1only.

Section
overhead

| _—

Line
overhead]

2

3

Pointer
H1

Roiater
2

Action

{/H3

BIP-8
B2

APS
K1

APS
K2

Section Overhead : SDH

8

9

Data com
D4

Data com
DS

Data com
D&

Data com
D7

Data com
D8

Data com
D9

Data com
D10

Data com
D11

Data com
D12

Syne stat
21

Line FEBE
z2

Orderwire
Z3

Fig. 8.4.13 ST8-1 line overhead

X (The first three rowsof the overhead space are déed the regeneratoredion overhead
(RSOH), the burth row is cdled the adminisétive unit poiner, and the remaining fie
rows arecdled the mulfplex ®dion overhead (MSOH).

X The first 2 byte of the RSOH contain a fixed fpf@m, known as A1 and A2. This fpam ,
OXF628 or in binary 1111 0110 0010 1000 is used byet@ver to detect the beginning
of the frame.

Payload Pointers
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x Fg 8.4.14 shows the payload parg. The two poiners, bytesH1 and H2, contan the
adual pointer valueBytes H1 and H2 contain much manéormation than a value

N | N N N|] S S 11D I D |1 D ! D | D

H1 H2
Fig. 8.4.14 Payload pointers (H1 and H2)

x The first 4 most significant bits in H1 teyare known as the nedaa found (N\DF) flag.
The NDF maybe “norma =0110” or “set = 1001.

X The next 2 bitare known as the S-bits and indie#he size of the virttual tributary in the
payload.

X The last 2dast significant bits of the H1 and the-8-bits of the H&fide two bit
atemaing S-bit words.

X The I and Dare useddr incrementingor decrementing thefisd.
Although pointer bytesil and H2define an dfset vdue, the third pointer, kg H3 does
not contain a adual pointer vae.

x Fig. 8.4.15 shows pointer H3.

H3 SPE

Negative stuff opportunity Positive stuff opportunity

Fig. 8.4.15 Pointer H3

X Functions of the H1, H2 and H3 bytes

1. <ldentifiesthat a change hasaurred in the pointer value (NDF = 1001) dtman
intermittent synchronization changa the node ad where the newstatt is (I + D
bits).

2. ldentifiesthat a change may haveairred in the pointer value (0110) due a
frequencydifference betwen node and incoming frequency.

3. Thebits that contan the pointer values | and D, indicae whether negativeor
positive frequency justifiion is recessary.
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Frequency Justification

X When the frenerate of the STE SFE is the sane as the tansportoverhead, the ignment
of theSFE is the smeas in the pevious frame This is known ano justification.

X When the frame rate of the STE SFE is less than the transportoverhead (OH), the
alignment of theSFE is skipped ad by a byte This is known a positive justification.

X When the frene rate of the S E SFE is higherthan the tansport OH, the“dignment of
the SFE is advaned by a byte. This is knowrsaegative justification.

x Fig. 8.4.16 shows no frequency jusiition.

1 2 3 ................................ 4 5 ...................... 89 90

Displacement

H1 | H2 | H3

h B 6 N X

Fig. 8.4.16 STS-1 No.frequency justification

x Example : Consider that the HI2 and H3bytesare asin Fig. 8.4.16. In thicase, the
H1 and H2 contain a NDF value of 0110, indicating thaho changein the pointer ha
occurred.

The | and D bits have noem inverted indicating no justifiaion. The | D value is set to
00 0010 1101 = 45.The H3tleyis 00000000.

x Fig. 8.4.17 showsthe positive justdiion.

Displacement

H1 §y/H2 | H3

O B L N -

Positive stuff only in this frame

Fig. 8.4.17

H1, H2 = 0110 0010 1000 0101

CITSTUDENTSIN — Ppage243



Optical fiber communication 06EC72

H3 = 00000000
X = 1-bits inverted
Nex frame (n+1) :
Pnew=P +1
or H1, H2 = 0110 0000 0010 1110

H3 = 00000000

Scrambling

X When the compte frame has beenssembled, the bytem it .are scambled. Scrambling
is performed to saure therecever that a densitgf 1°s.is maintaned in thesignd.

x The Al,A2 and C1 bytesare not scrambledralthe ‘'scrambling press begins with the
byte right after C1. This is shown in Fig:8.4.18 sthpplies to both SONET and$l.

1 2 3 4 ...................... Y O I R R 8 9 90

At | A2 | A3

Scramble all but
A1, A2, C1

©MNN . D W R =

Fig. 8.4.18 Frame scrambled

STS-N scrambler

X With resped to the scrambler the following rdapply :
1. The scrambling code is generhiby the polynomial 1¥5+x7,
2. The scramblds frame synchronous at the linete (STSN) andit has a sequeac
length of 127 bits.

CITSTUDENTSIN — Ppage244



Optical fiber communication 06EC72

3. The scramblas setto 11111111onthe MSBof the bye following the Nth STS-
1 C4 byte.

4. The framing bytes Al, A%hd the Clfromthe first STS-1through the Nth STSE
are not scrambled.

5. The scrambler runs continuougiyoughout the compte STSN frame.

Layered Overhead and Transport Functions

x The tunctional sequencthat takes ce for examplefrom a DS1 signalto a SONET
signal, can be sumanzed as follows :

1. Theincoming DS1 signaat the path layer is mapped onto a VT.

2. The VT is mapped ontbe SFE and theSFE path oerheal is also eonstructke

3. TheSFE is mappedorto the SONET signal and the line overneal information is
added.

4. Thesignalis mapped oto the STS-Nsignal and the ®dion overheadinformationis
added.At this point the complée STS SONET signal is"formed and the signal is
scrambled.

5. Thesignal pas®sthrough the eddricd to optical ransducer ad the opica signd
with a NRZ opted coding is couplediinto the op# fiber in whichit travds at the
spedl of light.

6. Fig. 8.4.19 shows the above qess.

Payload (DS1, RS2, etc)

Layers
Map payload (VT)
& path OH into %ﬁh Path
SPE, Error
Map SPE & line ;
OH into internal %T_? Line
signal
Map internal signal
& section OH into Seoc:_xion Section
STS-N signal
Optical Physical
conversion

OC-N Fiber
Fig. 8.4.19 Conversion of a legacy signal to a SONET
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Applications

1. High speed backbone nerks.

2. Basic architegare for B-ISDN .

3. Basic architaare for ATM.

4. High speed om#d network for dea communcetion.

8.5 Distributed Networks

x Distributed networks are preferred when daa is to be transmittedto “a group of
subgribers. The transmissiondistane is relatively short (< 50 km).Examples of
distributed networksare — broadast of video channés over‘cable TV, telephoneand
FAX, commonly used topologsdor distributed networks are

1. Hub topology

2. Bus topology

1. Hub topology
X In hub topology channel distribution takes at habgentral locaions. Hub facilitate
the cross-onned switched channels inegtrical domain. Fig. 8.5.1 shows hub topology

Hub Hub

Fig. 8.5.1 Hub topology

2. (Linear bus topology
X ‘Linear bus configtion is similar to Etemet topology using co-aXiaable. Fig.8.5.2
shows lirea bus onfiguration.
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9
)V'////////////////// 2227777y

Bus

2 3 N

Fig. 8.5.2 Linear bus topology

X A sinde fiber cable carries the multichannel ogdi signalthrougheut the area oéwice.
Distribution is done by using optd taps which drert asnall fraction of opticd power
to eadh situation.

x A problem with bus todogy is that the signal Issincreases exponenliiia with numbe
of taps br stations. This limits the numberf stationsor subgribers that can be served by
a sinde opticd fiber bus.

x Useof optical amplifers can boost theoptA powerof bus ad therefore large number
of stationscan be conneded to linea hus aslong asthe effect of fiber dispersion is
negligible.

8.6 Local Area Networks (LAN)

X Many applcaions of fiber optic communoéion technolbgy require néworks in which a
large number of LS within locd campus are inteonreded in such a wathat any use
can access the network randomly toahsit ddato anyother userSuch netvorks ae
cdled Locd area néworks (LANS).

X Fiber optic cableare used in implenmtation of networks. iice the tansmission
distance'igelatively-shot (less than 10 kmY¥iber losss are not at much carem for
LA N applicaions. Use ofiber optic offers a large bandwidth.

X /Fhe'commonly used topologiéor LANs are—

Ring topology

Star.tapology

A

1. Ring topology

X Inring topobgy conseautive nods are connected by poirt-point links to form a closed
ring. Fig.8.6.1 shows ring topmdy.
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Optical fiber link

Fig. 8.6.1 Ring topology

x Ead nodecan transmit and receive teby using aransmitter reever pair. A tokae
(predefined bit sequere) is passdaround the ring.\&Bd node -monitors the bit stream to
listen for its own addessand toreceive the data.

X The useof ring topobgy for fiber optic LANS'is known &fiber distributed dia interface
(FDDI). FDDI operats at 100 Mb/s with:muilimode fbers. It can provide ladkbone
sewvices e.g. intecomedion of lowerspeed LAN:

2. Star topology

In star topology, all nodeare coneded through pointe-point link to central node céled
a hub. Fig. 8.6.2 shows startopology.

Optical fiber link

Fig. 8.6.2 Star topology
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X LANSsn star topology can fuher be classfied into adive star néworks and passivestar
networks dependingnwhether thecentral hub isadive or passive device.

8.7 Measurements in OFC
Attenuation Measurements

x Signal @tenuation is oneof the most importat properties of an optcd fiberibecausat
mainly determines the maximum repederess separation beween“transmitter and
receier. As the repeaterare expensiveo fabricate, insth and maintain,therefore iber
attenuation has largenfluence on sstem cost and equally important in ginal distortion.

x The distortion rachanismin a fiber cause opticasignal pulsedo border ‘asthey travel
along a fiber. When these pulsestravel sufficiently fargsthey‘eventually overap with
neighbouring pulses creating erramsrecever outputs Thissignal distorton mechanism
limits theinformationcarying capacity ofiber.

x  For determining tienuation in fbers three major edniques are used.

1. Cutlak technique
2. Ingrtion loss method
3. OTDR trace.

Cutback technique

X Cuthadk techniqueis a destructive.methodf measuring dtenuation. It reques acessto
both ends ofiber as shewn'in Fig. 8.7.1.

Far end

Near end \
* Photo

Optical o X% P
source Eiber detector
under test

Mode stripper

- L 1=

Fig. 8.7.1 Experimental setup of cutback method

x Firstly, the opticd power is measued at the output (far end) of fiber. Then without
disturbing the input @dition, the fber is cut-off few metersfrom the saurce and output
power at near end is n&aed.

X Let B and Py are the output pogrs atfar end and rea endsof fiber respedively. Then
attenuation in dB per kilometer is giveby expession.
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where

L is sepaation length of two ressurement poit (in km).

Dispersion measurement

X An opticd signal ges distorted ast travels down the iber dueto three basie:foms of
dispersion, that limits thenformationcarrying cgpaaty.

x There are different methodsto measure the dispersions effects. Suc as-;intermodal
dispersion in time domain, intermodal dispersionin frequencydomain, chromatic
dispersion and parization mode disgrsion.

Time-domain Intermodal Dispersion Measurements

x Time-domdn intermodal disersion nmeasuement.involves irgding a narow pulse of
opticd enegy into one ad of an optcd fiber and deed the broadened output-pulse a
the other end. Thest set wg this messwement is shown in the Fig. 8.7.2

Sampling

oscilloscope
Laser Mode Q _/_ﬁ_\_
Dioge Scrarabler Fiber

under test
e ®
Optical signal [
Elgtrical Adjustable

pulse delay

Fig. 8.7.2 Test Setup for making pulse dispersion measurements in time domain

Eye pattern

x Eye patem methodis a neasuring techniques for asessing the dea handling ability of
digital transmission sgtem. The eye-piem measurements are madm time doman and
allow the effets of waveform distortiorio obsrve onoscilloscope. Fig. 8.7.3 shows test
setup br m&king eye diagram gesurement.
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System under test

1
1
1
)
)
1
Pseudorandom | Datai Optical | Optical

generator | oul i | transmitter Optical cable receiver

Oscilloscope

Trigger

Vertical

Fig. 8.7.3 Setup for Eye-diagram Measurement

x To measue performanceof system various word patems must be provided Various

measurement from eye pgéem can be doneare —

i) Noise margin

i) Timing jitter

iii) Rise time

iv) Non lineaiity of channel

A simplified eyediagam showing key performance paramstis illustated in fig. 8.7.4

Distortion at

Maximum signal Best€ampling time sampling time
voltage (V) l
\ '
- N\=

Distortion of zero
crossings (AT) -

Slope gives sensitivity \ *
to timing error ‘ r Noise margin (V)
Thershold ' - }

Time interval over which
signal can be sampled

Fig. 8.7.4 Simplified Eye-diagram with key performance parameters

The display pern ormed can be understood by consieling 8 combinationof 3-bit
long NRZ ode. The 8 ptiems are superimposed simultaneousforming an eye paem.
Fig."8.7.5slows 8 possible 3-bit long NRZ combination$ pulses with modeta rise
andfall times.
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"1‘Ievelf
threshold ---==-b=-=mmn-tfonenan]
“0" level | :

—l |=—— Bit interval
""""'"I' """" N — T T AR, s
! 1 1 ] ]

“1" level i" ! !
threshold §f<------ Yimsen fonmmeee i
“0" level ; :

“1"level | ! :
threshold f-==m==mprmmmmesbponnaaa)
1 i
"0 level |

Fig. 8.7.5 Eight possible 3-bit-long NRZ combination of pulses

Recommended Questions

Optical Amplifier

1. BExlain various performance parameters of ogtcoupkr.
2. Desribe theoperation of optd'amplifer.
3. Expalin following IAV tepologies in optid networks-
a) Linear bus b) Ring topology ¢) Star topology
4. Give raest neighbor budgéor linea bus topabgy.
5. BEplain comparative grfformance oftar and lirea bys netwoik.

6. List the'nordinear effects iniber optic commurdaions.

SONET/SDH

Review the simitiries and differerces beaween SONET and BH.
What is the OC-3 bitte and what is $M-1 bit rate?
Why to use SONETLHH?

E>xplain the components of opd.

a r~ 0N PkE

What is thelifference bawveen a regeneratomd an optca amplifier?
6. BExlain thedifferent types of network topologe
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Review the STS-N bietes.
What is a path?
What is dine?
10. What is aextion?
11. Whd are virtual tributaries?
12. Explain the sdion owerhead of SONET.
13. What is payload poiets?

CITSTUDENTSIN — Page253



