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UNIT -1
OVERVIEW OF OPTICAL FIBER COMMUNICATION

Historical Development

1 Fiber optics deals with study of propagation of light through transparent dielectric
wageguides. The fiber optics arged for transmission of data from point to point location.
Fiber optic systems currently used most extensively as the transmission line between
terrestrial hardwiredystems.

1 The carrier frequencies used in conventional systems had the limitations limmgnithe
volume and rate of the data transmission. The greater the carrier frequency larger the
available bandwith and information carryiogpacity.

First generation

1 The first generation of lightwave systems uses GaAs semiconductor laser and operating
region was near 0.8 um. Other specifications of this generation arelas

i) Bit rate : 45 Mb/s
i) Repeatespacing 110 km

Second generation

i) Bitrate : 100 Mb/s to 1.7 Gb/
i) Repeater spacing : 50 km

iii) Operation wavelength :1.3 um

iv) Semiconductor . In GaAsP

Third generation

i) Bitrate : 10 Gb/s
i) Repeater spacing : 100 km
iif) Operating wavelength :1.55 pm
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Fourth generation

Fourth generation uses WDM technique.

Bit rate :10 Th/s
Repeatespacing :>10,000 km
Operatingwvavelength :1.45t0 1.62 um

Fifth generation

Fifth generation uses Roman amplification technique and opbabrs.

Bit rate :40- 160Gb/s
Repeatespacing : 24000 km- 35000 km
Operatingvavelength :1.531t0 1.57 um

Need of fiber optic communication

1 Fiber optic communication system has emerged as most important communication
system. Compared to traditional system because of following requirements

1. Inlong haul transmission system there is need of lowtiagsmissiormedium
2. There is need of compact and least weight transmitterseartvers.

3. There is need of increase dspartrahsmission.

4. There is need of increased bit raistranceproduct.

1 A fiber optic communication system fulfills these requiesnts, hence most widely
acception.

General Optical Fiber Communication System

1 Basic block diagram of optical fiber communication system consists of following
importantblocks.

1. Transmitter
2. Informationchannel

3. Receiver.
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Fig. 1.2.1shows block diagram of OFC system.
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Fig. 1.2.1 Block diagram of OFC systems
Message origin :

1 Generally message origin is from a transducer that converts-aelecmcal message into
an electrical signal. Common examples include microphones for converting sound waves
into currents and video W) cameras for converting images into current. For data transfer
between computers, the message is already in eledtninal

Modulator :
i The modulator has two mafanctions.
1) It converts the electrical message into the préprenat.
2) It impresses thisignal onto the wave generated by the casoerce.

Two distinct categories of modulation are used i.e. analog modulation and digital
modulation.

Carrier source :

9 Carrier source generates the wave on which the information is transmitted. This wave is
called the carrier. For fiber optic system, a laser diode (LD) or a light emitting diode (LED)
is used. They can be called as optic oscillators, they provide stable, single frequency waves
with sufficient power for long distanggopagation.
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Channel coupler :

1 Coupler feeds the power into the information channel. For an atmospheric optic system,
the channel coupler is a lens used for collimating the light emitted by the source and
directing this light towards the receiver. The coupler mufitiently transfer the
modulated light beam from the source to the optic fiber. The channel coupler design is an
important part of fiber system because of possibility of logkes.

Information channel :

1 The information channel is the path between thadmitter and receivem fiber optic
communications, a glass or plastic fiber is the channel. Desirable characteristics of the
information channel include low attenuation and large light acceptance cone angle. Optical
amplifiers boost the powégvels of weak signals. Amplifiers are needed in very long links
to provide sufficient power to the receiver. Repeaters can be used only for digital systems.
They convert weak and distorted optical signals to electrical ones and then regenerate the
origind disgital pulse trains for furthéransmission.

1 Another important property of the information channel is the propagation time of the waes
travelling along it. A signal propagating along a fiber normally contains a range of optic
frequencies and dividetsipower along several ray paths. This results in a distortion of the
propagating signal. In a digital system, this distortion appears as a spreading and deforming
of the pulses. The spreading is so great that adjacent pulses begin to overlap and become
unrecognizable as separate bitgrdbrmation.

Optical detector :

1 The information being transmitted is detector. In the fiber system the optic wave is
converted into an electric current by a photodetector. The current developed by the detector
IS proportional to the power in the incident optic wave. Detector output current contains
the transmitted information. This detector output is then filtered to remove the constant
bias and thramplified.

1 The important properties of photodetectors are smed, giconomy, long life, low power
consumption, high sensitivity to optic signals and fast response to quick variations in the
optic power.

Dept of ECE Pages



Optical Fiber Communicatic

Signal processing :

1 Signal processing includes filtering, amplification. Proper filtering maxinizesatio of
signal to unwanted power. For a digital system decision circuit is an additional Teck.
bit error rate (BER) should be very small for quatiynmunications.

Message output :

1 The electrical form of the message emerging from the signakgsor are transformed
into a soud wave or visual image. Sometimes these signals are directly usable when
computers or other machines are connected through afisEm.

Advantages of Optical FiberCommunications
1. Wide bandwidth

1 The light waveoccupies the frequency range between 2 x 1012 Hz to 3.7 x 1012 Hz. Thus
the information carrying capability of fiber optic cables is mhicfner.

2. Low losses

9 Fiber optic cables offers bery less signal attenuation over long distances. Typically itis less
than 1 dB/km. This enables longer distance betwepeaters.

3. Immune to cross talk

1 Fiber optic cables has very high immunity to electricaland magnetic field. Since fiber optic
cables are neoonductors of electricity hence they do not produce magnete: fiélus
fiber optic cables are immune to cross talk between cables cause dby magnetic induction.

4. Interference immune

1 Fiber optic cable sar eimmune to conductive and radiative interferences caused by electrical
noise sources such as lightimggctric motors, fluorescehghts.

5. Light weight

1 As fiber cables are made of silica glass or plastic which is much lighter than copper or
aluminium cables. Light weight fiber cables are cheaptatwsport.
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6. Small size

1 The diameter of ber is much smaller compared to other cables, therefore fiber calbe is
small in size, requires less storapace.

7. More strength
1 Fiber cables are stronger and rugged hence can supponveigie.
8. Security

1 Fiber cables are more secure than otdadres. It is almost impossible to tap into a fiber
cable as they do n ot radiatignals.

No ground loops exist between optical fibers hence they are more secure.
9. Long distancetransmission

1 Becaujse of less attenuation transmission at a lasigemce igpossible.
10. Environment immune

1 Fiber calbes are more immune to environmental extremes. They can operate over a large
temperature varioations. Also they are not affected by corrosive liquidsaaesd.

11. Sage and easjnstallation

1 Fibercables are safer and easier to install and maintain. They at@nduaoctors hence
there is no shock hazards as no current or voltage is associated with them. Their small size
and light weight feature makes installatessier.

12. Less cost

1 Cost of fiber ogt system is less compated to any otyatem.

Disadvantages of Optical FibetCommunicaitons
1. High initial cost
1 The intial cost of installation or setting up cost is very high compared to allsytstem.

2. Maintenance and repaidingcost
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1 The maintenance and repaiding of fiber optic systems is not only difficult but expensive
also.

3. Jointing and testprocedures

1 Since optical fibers are of very small size. The fiber joining process is very constly and
requires skillednanpower.

4. Tensilestress

1 Optical fibers are more susceptible to buckling, bending and tensile stress than copper
cables. This leades to restricted practice to use optical fiber technology to premises and
floor backbones with a few interfaces to the copadries.

5. Short links

1 Eventhough optical fiber calbes are inexpensive, it is still not cost effective to replace every
small conventional connector (e.g. between computers and peripherals), as the price of
optoelectronic transducers are vhigh.

6. Fiber losses

1 The amount of optical fiber available to the photodetector at the end of fiber length depends
on various fiber losses such as scattering, dispersion, attenuaticeflaatbn.

Applications of Optical Fiber Communicaitons

1 Applications of optical fiber communications include telecommunications, data
communications, video control and protection switching, sensors and appl&ations.

1. Telephonenetworks

1 Optical waveguide has low attenuation, high transmission bandwidth compated to copper
lines, therefee numbers of long haul eaxial trunks [;links between telephone exchanges
are being replaced by optical fiderks.

2. Urban broadband servicenetworks

1 Optical waveguide provides much larger bandwidth thaaxtal calbe, also the number
of repeaters required is reduaszhsiderably.
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1 Modern suburban communications involves videotext, videoconferencing videotelephony,
switched broadband communication network. All these can be supplied over a single fiber

opticlink. Fibeopt i ¢ cal bes is the solution to many
data communication problems and will continue to play a large role in future telecom and
datacomnetworks.

Optical Fiber Waveguides

1 In free space light ravels as its maximum [fussspeed i.e. 3 x £0n/s or 186 x 1®
miles/sec. When light travels through a material it exnibits certain behavior explaned by
laws of reflectionyefraction.

Electromagnetic Spectrum

1 The radio waves and light are electromagnetic waves. The ratddht thby alternate in
polarity is called their frequency (f) measured in hertz (Hz). The speed of electromagnetic
wave (c) in free space is approximately 3 X dflsec. The distance travelled during each
cycle is called as wavelength (@&)

Speed oflight «¢
Wavelength(}) = ————— = -
Frequency f

1 Infiber optics it is more convenient to use the wavelength of light instead of the frequency
with light frequencies, wavlengfth is often stated in micronsamometers.

1 micron (1) = 1 Micrometre (1 x 19
1 nano (n) = 18 metre

Fig. 1.6.1 showslectromagnetic frequency spectrum.
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Fig. 1.6.1 Electromagnetic spectrum

1 Fiber optics uses visible and infrared light. Infrared light covers a fairly wide range of
wavelengths and is generally used for all fiber optic communications. Visible light is
normally used for verghort range transmission using a plastier.

Ray Transmission Theory

1 Before studying how the light actually propagates through the fiber, laws governing the
nature of light m ust be studied. These was callddves of optics (Ray theory).There is
corception that light always travels at the same speed. This fact is simply not true. The
speed of light depends upon the material or medium through which it is moving. In free
space light travels at its maximum possible speed i.e. 3 x 108rh86 x 103 nles/sec.
When light travels through a material it exhibits certain behavior explained by laws of
reflection,refraction.

Reflection

1 The law of reflection states that, when a light ray is incident upon a reflective surface at
some incident angfie: from imaginary perpendicular normal, the ray will be reflected from
the surface at some angdlgfrom normal which is equal to ttengle ofincidence.

Fig. 1.6.2 shows law of relection.
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Normal to reflective surface

v

)

Incident 94 f«— Reflected ray

ray

™\ Reflective surface

Law of reflection Z¢4 = £6,

Fig. 1.6.2 Reflection

Refraction

1 Refraction occurs when light ray passes from one medium to another i.e. the light ray
changes its direction at interface. Refractio occurs whenever density of methmes.
E.g. refraction occurs at air and water interface, the straw in a glass of water will appear

as it is bent.
The refraction can also observed at air and glass interface.

1 When wave passes through less dense medium to more dense medium, the wave is
refracted (bent) towards the normal. Fig. 1.6.3 shows the refrgaiemomena.

1 The refraction (bending) takes place because light travels at different spped in different
mediums. The speed of light in free space is higher than in wajérssr.

Normal
1

Incident ray

| Less dense medium air l

Fig. 1.6.3 Refraction
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Refractive Index

1 The amount of refraction or bending that occurs at the interface of two materials of different
densities is usually expressed as refractive index of two materials. Refractive index is also
known asndex of refraction and isdenoted byn.

1 Based on material density, the refractive index is expressed as the ratio of the velocity of
light in free space to the velocity of light of the dielectric matésiabstance).

o Speed of light in air c
Befractive indexn =

Speed of light in medium v

The refractive index for vacuum and air os 1.0weater it is 1.3 and for glass refractive

index is1.5.
Snel |l 6s Law
T Snell ds | aw states how | ight ray reacts wt

different indexes ofefraction.
 Letthe two medias have refractive indexes nl andhere i >no.

f 1 andf 2 be the angles of incidence and angle of refraction respectively. Then according
to Snell 6s | aw, a relationship exists between

n; sing, =n; sin @,

6 (1.6.1)

T A refractive i nldnweixshomoidfgL.6.4 or Snel | 0s

Normal Medium - n,

. ELTLETR
Incident ray ¥ :

!

K

Unrefracted ray &

[odom,

Refracted ray

Fig. 1.6.4 Refractive model for Snell's law
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1 The refracted wave will be towards the normal wher n, and will away from it when
ni > no.

Equation (1.6.1) can be written as,

n; sin @,
n, sinf@y

1 This equation shows that the ratio dfractive index of two mediums is inversely
proportional to the refractive and incidemtgles.

As refractive indexy = f andn, = vi substituting these values in equat{@rb.2)

C."Jvl sin {tl'2

c/vy sin @,

vy sin @,

v,  sin @y
Critical Angle

1 When the angle of incidencé.f is profressivelyincreased, there will be progressive
increase of refractive anglé2f. At some conditionf(;) the refractive angle ) becomes
900 to the normal. When this happens the refracted light ray travels along the interface.
The angle of incidencd {) at the pmt at which the refractive angléi) becomes J0is
called the critical angle. It is denoted ty

1 Thecritical angle is defined as the minimum angle of incidente @t which the ray
strikestheinterfaceof two mediaandcausesn agnleof refraction(f 2) equalto 9C°. Fig
1.6.5 shows critical angle refraction.

Nor'mal Less dense medium

Incident ray

More dense medium
n
1

Fig. 1.6.5 Critical angle
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Hence at critical angler =f c andf > = 9C°

Usi ng Snesidfo=spsinfaw : n
Mg
sin ¢, = sin 90

sin90? =1

g

Therefore, sing, = =

n, )
Critical angle _ = sin™? (n—‘) e (1.6.3)
1

1 The actual value of critical angle is dependent upambination of materials present on
each side oboundary.

Total Internal Refleciton (TIR)

1 When the incident angle is increase dbeyond the critical angle, the light ray does not pass
through the interface into the other medium. This gives the effectrobmaxist at the
interface with no possibility of light escaping outside the medium. In this condition angle
of reflection ) is equal to angle of incidencier). This action is called agotal Internal
Reflection (TIR) of the beam. Itis TIR that leatisthe propagation of waves within fiber
cable medium. TIR can be observed only in materials in which the velocity of light is less
than inair.

1 The two conditions necessary for TIR to occur:are

1. The refractive index of first medium must ¢peater than the refractive index of
second one.
2. The angle of incidence must be greater than (or equal to) the artiglal

Example 1.6.1: A light ray is incident from mediurth to mediura2. If the refractive indices of
mediuml1 and mediur? are 1.5and 1.36 respectively then determine the angle of refraction for
an angle of incidence of 30

Solution : Mediuml1nl=1.5
Medium2 n2 = 1.36

Angle of incidencd 1 = 3.
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Angle of incidentf > = ?

1.5s5in30° = 1.36 sind,

ing, = —= sin 30°
s g, = 1355111

0.55147

sin @,
b, = 33.46°

Angle of refraction 33.48rom normal. € Ans.

Example 1.6.2: A light ray is incident from glass to air. Calculate the critical angfe (
Solution : Refractive index of glass & 1.50

Refrative indes of aira= 1.00

Snell'slaw : n; sing, = n; sind,

nﬂ
sind, = —sind,
6, = 2sind,
From definition of critical anglef,> = 90 andf 1 =f .
nﬂ
ind, = —sin 90°
sin @, o sin

1.0
sin ¢, = (—) x1= 067

1.5
0, = sin™? 0.67
o, = 41.81°

] _— (1]
Critical angle ¢_ = 41.81 ¢ Ans.
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Example 1.6.3 :Calculate the NA, acceptance angle and critical angle of the fiber having n
(Core refractive index) = 1.50 and refractive index of cladding = 1.45.

Soluiton: n1=1.50,r=1.45

A (ny —n;)  150-1.45
- (ny) 150

= 0.033

Numerical aperture, NA =ny V2A
NA = 1.50/2x0.033
NA = 0387
Acceptance angle ¢, = sin~! NA

¢, = sin™* 0.387

o, = 22.78°
nﬂ
Critical angle ¢_ = sin™? —
ritical angle ¢_ = sin o
I 1.45
= sin”t —
E 1.50
o, = 75.2°
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Optical Fiver as Waveguide

1 An optical fiber is a cylindrical dielectric waveguide capable of convegliectromagnetic
waves at optical frequencies. The electromagnetic energy is in the form of the light and
propagates along the axis of the fiber. The structural of the fiver determines the
transmissiorcharacteristics.

1 The propagation of light along the weguide is decided by the modes of the waveguides,
here mode means path. Each mode has distict pattern of electric and magnetic field
distributions along the fiber length. Only few modes can satisfy the homogeneous wave
equation in the fiver also the boumga&ondition a waveguide surfaces. When there is only
one path for light to follow then it is called as single mode propagation. When there is more
than one path then it is called as multimpdgpagation.

Single fiber structure

1 A single fiber structure is shown in Fig. 1.6.6. It consists of a solid dielectric cylinder with
radius o0ab. T h i eore ofyibel. Thd eore isiswsroundad bly dialectréc,s
calledcladding. The index of refraction of core (glass fiber) iglstly greater than the
index of refraction otladding.

If refractive index of core (glass fiver) 3 n
and refractive index of cladding 3 n

then n > np.

External
coating

Fig. 1.6.6 Single optical fiber structure

Propagation in Optical Fiber

1 To understand the general nature of light wavepagation in optical fiber. We first
consider the construction of optical fiber. The innermost is the glass core of very thin
diameter with a slight lower refractive index n2. The light wave can propagate along such
a optical fiber. A single mode propdgm is illustrated in Fig. 1.6.7 along with standard
size offiber.
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Fig. 1.6.7 Single mode propagation and standard size of fiber

1 Single mode fibers are capable of carrying only one signal of a speaifelength.

1 In multimode propagation the light propagates along the fiber in zigaagpn provided
it can undergo total internal reflection (TIR) at the core claddmgdaries.

1 Total internal reflection at the fiber wall can occur only if two conditionsatisfied.

Condition 1:

The index of refraction of glass fiber must be dliglgreater than the index of refractioh
material surrounding the fibécladding).

If refractive index of glass fiber =n

and refractive index of cladding = n

then n > .

Condition 2 :

The angle of incidencé {) of light ray must be greater than critical andle.(

1 Alight beam is focused at one end of cable. The light enters the fibers at different angles.
Fig. 1.6.8 shows the conditions exist at the launching end of optic fiber. The light source is
surrounded by air and the refractive index of airgis 1. Let the incident ray makes an
anglef o with fiber axis. The ray entersinto glassfiber at point P makingrefractedangle
f 1 to the fiber axis, the ray is then propagated diagonally down theaodreeflect from
the core wall at point Q. When the light ray reflects off the inner surface, the angle of
incidence is equal to the angle of reflection, which is greater than critical angle.

1 In order for a ray of light to propagate down the cable, ittratréke the core cladding
interface at an angle that is greater than critical affig)e
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Air, ng = 1 n, = 1.461
Glass core
n, =15
Fiber axis S
External  ¢g
angle of
incidence
|ncri;:|ent Source-fiber
Y interface

Fig. 1.6.8 Ray propagation by TIR

Acceptance Angle
Applying Snell 6s largle. t o external incidence
Nosinfo=msinfi
But f1=(90-f¢)
sinf 1= sing (90-f¢) = cosf ¢
Substituting sirf 1 in above equation.
No sinfo=m cosf.

sin ¢_ = I%z:nt:rs o,
o

Applying Pythagorean theorem to @PQR.

—
413 — 13

cos ¢_=

sin ¢, =

, _|vm — n
sin ¢, = |———

Ny
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. 4 |Wni— nj
E|}D—51n _—=
LT

The maximum value of external incidence angle for which light will propagate in the

fiber.
J/ni— nj
LN}

When the light rayenters the fivers from an air mediugm=1. Then above equation
reduces to,

— ada—1
q}D(mEu{} = sin

|
— i1 2 _ 2
|:I}II!H: max ) sin d\ll ni nz

The angl€ o is called asacceptance angland® defines the maximum angle in

O{max)

which the light ray may incident on fiber to propagate dowtiiltee.
Acceptance Cone

1 Rotating the acceptance angﬂ%,:mu} around the fiber axis, a cone shaped patiern

obtained, it is called ascceptance conef the fiber input. Fig 1.6.10 shows formation of
acceptance cone of a fibemble.
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Fiber cable

of ans

Acceptance
cone

Fig. 1.6.10 Acceptance cone of a fiber cable

1 The Cone ofcceptance is the angle within which the light is accepted into the core and is
able to travel along the fiber. The launching of light wave becomes easier for large
acceptanceome.

1 The angle is measured from the axis of the positive cone so the tdeabéngnvergence
is actually twice the statadhlue.

Numerical Aperture (NA)

1 Thenumerical aperture (NA) of a fiber is a figure of merit which represents its light
gathering capability. Larger the numerical aperture, the greater the amountactgpted
by fiber. The acceptance angle also determines how much light is able to be enter the fiber
and hence there is relation between the numerical aperture and the cone of acceptance.

Numerical aperture (NA) sind

O{max)
(hZ — n2
NA=Y"1 2
Ny

Forair no=1

\ NA =/n} — ni

|I 2

NA = *q| Neore — n;ladding 3
e (1.6.4)

Hence acceptance angle =$NA
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By the formula of NA note that the numerical aperture is effectively dependent only on
refractive indices of core and cladding material. NA is not a function of fibezrdiion.

T The index difference (@) and the numerical
claddingindices:

(n,—n,)

p = (1.6.5(a))
_ NA?
~ 2n2 ... (1.6.5(b))
Also

NA = ||ni — n3
R

NA = (n — n%]l;2

NA = ny (2A)1/2

Example 1.6.5: Calculate the numerical aperture and acceptance angle for a fiber cabilielof
Ncore= 1.5 and Radding= 1.48. The launching takes place from air.

Solution : S
NA = Megre — n;lﬂddlng
s
NA =4/ 1.5° — 1.48°
NA =0.244 €Ans.

= zin~1 NA

| S
— 2 2
Acceptance anglesin ﬂ|ﬂcom ~ Niladding
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Acceptance angle = sir0.244

fo=14.12 é Ans.

Types of Rays

1 Ifthe rays are launched within caréacceptance can be successfully propagated along the
fiber. But the exact path of the ray is determined by the position and angle of ray at which
it strikes thecore.

There exists three different types of rays.
i) Skewrays ii) Meridionalrays iii) Axial rays.

1 The skew raysdoes not pass through the center, as show in Fig. 1.6.11 (a). The skew
rays reflects off from the core cladding boundaries and again bounces around the outside
of the core. It takes somewhat similar shape of spiral of helatal

Ray path projected
onto a plane normal .
to fiber axis Fiber-length ——=

(a) Skew rays do not
cross the fiber
axis but zig-zag
around the axis

(b) Meridional rays
always cross
the fiber axis

(c) Axial rays

Fig. 1.6.11 Different ray propagation

i Themeridional ray enters the core and passes through its axis. When the core surface
is parallel, it will always be reflected to pass through the enter. The meridional ray is shown
in fig. 1.6.11(b).

i The axial ray travels along the axis of the fiber and stays at the axis all theltime.
shown in fig. 1.6.11c).
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Modes of Fiber

1 Fiber cables cal also be classified as per their mode. Light rays propagate as an
electromagnetic wave along the fibdihe two components, the electric field and the
magnetic field form patterns across the fiber. These patterns are ocadldds of
transmission. Thenode of a fiber refers to the number of paths for the light rays within
the cable. According to modes opfilsers can be classified into tvigpes.

I) Single mode fiber ii) Multimode fiber.

i Multimode fiber was the first fiber type to be manufactured and commercialized. The
term multimode simply refers to the fact that numerous modes (light rays) are carried
simultaneously through the waveguide. Multimode fiber has a much larger diameter,
compared to single mode fiber, this allows large numbearaafes.

1 Single mode fiber allows propagation to light ray by only one path. Single mode fibers
are best atetaining the fidelity of each light pulse over longer distance also they do not
exhibit dispersion caused by multipteodes.

Thus more information can be transmitted per unit of time.
This gives single mode fiber higher bandwidth compared to multimbde fi

1 Some disadvantages of single mode fiber are smaller core diameter makes coupling light
into the core more difficult. Precision required for single mode connectors and splices are
moredemanding.

Fiber Profiles

1 A fiber is characterized by its pradiland by its core and claddidmeters.

i One way of classifying the fiber cables is according to the index profile at fiber. The
index profile is a graphical representation of value of refractive index across the core
diameter.

i There are two basic types$ indexprofiles.

i) Stepindexfiber. i) Graded indeXiber.

Fig. 1.6.12 shows the index profilesfifers.
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Step Graded
Fig. 1.6.12 Index profiles

Step Index (SI) Fiber

T

T

T

The step index (SI) fiber is a cylindrical waveguide core with central or inner core has
auniform refractive index of nand the core is surrounded by outer cladding with uniform
refractive index of n The cladding refractive index Anis less than the core refractive
index (n). But there is an abrupt change in the refractive index at tree dadding
interface.Refractiveindex profile of stepindexedopticalfiber is shownin Fig.

1.6.13. The refractive index is plotted on horizontal axis and radial distance from the core
is plotted on vertical axis.

y Air  ng

Fiber
2a axis

» Claddiny
Cladding (ny) N g
— N e - = = = = = = m =SS S S ST
ot Fiber length ——
ny>n, :
i Cross-sectional
Refractive fawi
index profile

Fig. 1.6.13 Step index fiber

The propagation of light waweithin the core of step index fiber takes the path of
meridional ray i.e. ray follows a zigag path of straight lineegments.
The core typically has diameter of-B0 pum and the cladding has a diameter of 125 um.
The refractive index profile idefined as

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

1 The graded index fiber has a core made from many laygtass.

1 In thegraded index (GRIN)fiber the refractive index is not uniform within the core, it
is highest at the center and decreasefimpand continuously with distance towards the
cladding.Therefractiveindex profile acrosshe coretakesthe parabolicnature.Fig.

1.6.14 shows refractive index profile of graded index fiber.

Fiber

28} 1 axis

1
Ny ny

Eibepinglet=emion no hatioly ot xebrl suiosds
Refractive Cross-sectional
index profile view
Fig. 1.6.14 Graded index fiber
1 In graded index fiber the light waves are bentdiyaction towards the core axis and

they follow the curved path down the fiber length. This results because of change in
refractive index as moved away from the center ottre.

1 A graded index fiber has lower coupling efficiency and higher bandwidth than the step
index fiber. It is available in 50/125 and 62.5/125 sizes. The 50/125 fiber has been
optimized for long haul applications and has a smaller NA and higher bandwidti262.5/
fiber is optimized for LAN applications which is costing 25% more than the 50/125 fiber
cable.

i The refractive index variation in the core is giverrélationship

Iy X
n, [1—2A(- ) whenr < a (core
n(r) = 1( l(a} (core)
n,(1— 2A)2 % n, whenr = a (cladding)
where,
r = Radial distance from fiber axis

a = Core radius

n: = Refractive index of core
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T

Ny = Refractive index of cladding

U = Shape of index profile.
Profile parameter U determines the
The range of refractive indexasa r i ati on of 1815 s shown

Refractive index (n(r))

- Core

axis

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. Data rate Slow. Higher
2. Coupling efficiency| Coupling efficiency with fiber| Lower coupling efficiency.
Is higher.
3. Ray path By total internal reflection. | Light ray travels in
oscillatory fashion.
4. Index variation A1 n — nj
A=
ny 2n?
5. Numerical aperture| NA remains same. Changes continuously with
distance from fiber axis.
6. Material used Normally plastic or glass is | Only glass is preferred.
preferred.
7. Bandwidth 107 20 MHz/km 1 GHz/km
efficiency
8. Pulse spreading Pulse spreading by fiber | Pulse spreading is less
length is more.
9. Attenuation of light | Less typically 0.34 dB/km at| More 0.6 to 1 dB/km at 1.3
1.3 pm. pm.
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10. Typical light source| LED. LED, Lasers.
11. Applications Subscriber local network| Local and wide area
communication. networks.

Optic Fiber Configurations
1 Depending on the refractivadex profile of fiber and modes of fiber there exist three

types of optical fiber configurations. These ogiier configurations are

i) Single mode step index fiber.
i) Multimode step indexiber.
ii) Multimode graded index fiber.

Single mode Step index Fiber

1 In single mode step index fiber has a central core that is sufficiently small so that there
is essentially only one path for light ray through the cable. The light ray is propagated in
the fiber through reflection. Typical core sizes are 2 to 15 pngl&mode fiber is also
known as fundamental or monomduer.

Fig. 1.6.16 shows single mode fiber.

}r

m _D = !
q = o= = Coe |
n -m-gj

Fig. 1.6.16 The refractive index singie mode
profile and ray transmission in =
index fiber - -

1 Single mode fiber will permit only one mode to propagate and does not suffer from
mode delay differences. These are primarily developed for the 1300ndawvbut they
can be also be used effectively with time division multiplex (TDM) and wavelength
division multiplex (WDM) systems operating in 1550 nm wavelemggfon.

i The core fiber of a single mode fiber is very narrow compared todlkielength of light
being used. Therefore, only a single path exists through the cable core throughighiich
cantravel. Usually, 20 percentof the light in a single mode cable actually
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travels down the cladding and the effective diametehe cable is a blend of single mode

core and degree to which the c¢cladding carr
di ameterd6, which is | arger than physical d
indices of the core amdladding.

1 The disadvantage of this type of cable is that because of extremely small size
interconnection of cables and interfacing with source is difficult. Another disadvantage of
single mode fibers is that as the refractive index of glass decreases withvegtelEngth,
the light velocity will also be wavelength dependent. Thus the light from an optical
transmitter will have definite spectnaldth.

Multimode step Index Fiber

1 Multimode step index fiber is more widely used type. It is easy to manufacture. Its
core diameter is 50 to 1000 um i.e. large aperture and allows more light to enter the cable.
The light rays are propagated down the core irzaig manner. There are many many paths
that a light ray may follow during thgropagation.

1 The light ray is prpagated using the principle of total internal reflection (TIR). Since
the core index of refraction is higher than the cladding index of refraction, the light enters
at less than critical angle is guided alongfther.

L A
Refractive index &
n(r) _ v PP A TR TRl T St =
/ * Core
n; / / cmamﬂ

n2

Fig. 1.6.17 TIR in multimode step index fiber

1 Light rays passing through tHioer are continuously reflected off the glass cladding
towards the centre of the core at different angles and lengths, limiting dasrdWidth.

1 The disadvantage of multimode step index fibers is that the different optical lengths
caused by various aleg at which light is propagated relative to the core, causes the
transmission bandwidth to be fairly small. Because of these limitations, multimode step
index fiber is typically only used in applications requiring distances of less than 1

Multimode Gr aded Index Fiber

i The core size omultimode graded index fiber cable is varying from 50 to 100 pm
range.Thelight ray is propagatedhroughthe refraction.Thelight ray entersthefiber at
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many different angles. As the ligbtopagates across the core toward the center it is
intersecting a less dense to more dense medium. Therefore the light rays are being
constantly being refracted and ray is bending continuously. This cable is mostly used for
long distance communication.

Fig 1.6.18 shows multimode graded index fiber.

T

———de e} e

Refractive index ¥ s 1 ------
n(r) N, a

Core
L n 1 Cladding (

2

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

The light rays no longer follow straight lines, they follow a serpentine path being
gradually bent back towards the center by the continuously declining refractive index. The
modes travelling in a straight érare in a higher refractive index so they travel slower than
the serpentine modes. This reduces the arrival time disparity because all modes arrive at
about the samime.

Fig 1.6.19 shows the light trajectory in detdtilis seen that light rays running close to
the fiber axis with shorter path length, will have a lower velocity because they pass through
a region with a high refractiviedex.
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Fig. 1.6.19 Light trajectories in a graded index fiber

i Rays on ce edges offers reduced refractive index, hence travel more faster than axial

Cladding |

rays and cause the light components to take same amount of time to travel the length of
fiber, thus minimizing dispersion losses. Each path at a different angle is termed as

6 tnrsami s si on

moded

acceptance angle at the filzedis.

1 Typical attenuation coefficients of graded index fibers at 850 nm are 2.5 to 3 dB/km,

and

while at 1300 nm they are 1.0 to HB/km.

= =

2. Comparatively cheap aroduce.

Standard fibers

The main advantages of graded index fider:
Reduced refractive index at the centrearfe.

t he

N A

of

graded

Cladding Core
Sr. No. Fiber type diameter diameter (04] Applications
(um) (um)
Single mode 0 o, 1.Longdistance
1 (8/125) 125 8 | 0I%100.2% 5 Ligh daterate
Multimode 0 0 1. Shortdistance
2. (50/125) 125 50 1% 10 2% 2. Low datarate
Multimode o o
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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Mode Theory for Cylindrical Waveguide

1 To analyze the optical fiber propagation mechanism within a fiber, Maxwell equations
are to solve subject to the cylindrical boundary conditions atdadgling interface. The
corecladding boundary conditions lead to coupling d¢éc&ic and magnetic field
components resulting in hybrid modes. Hence the analysis of optical waveguide is more
complex than metallic hollow waveguide analysis.

1 Depending on the largefteld, the hybrid modes are HE or EH modes. The two lowest
order dos are HEk; andTEo:.

Overview of Modes

1 The order states the number of field zeros across the guide. The electric fields are not
completely confined within the core i.e. they do not go to zero atatadeling interface
and extends into the cladding. Tlogw order mode confines the electric field near the axis
of the fiber core and there is less penetration into the cladding. While the high order mode
distribute the field towards the edge of the core fiber and penetrations into the cladding.
Therefore clading modes also appear resulting in poless.

1 In leaky modes the fields are confined partially in the fiber core attenuated as they
propagate along the fiber length due to radiation and tufiseit.

1 Therefore in order to modee mai n gui ded, the propagatio
condition

nzk <pb< n1k

where, n; = Refractive index of fiber core
nz = Refractive index of cladding
k = Propagati®n constant = 2" |/

1 The cladding is used to prevent scattering loss that results from ncaterial
discontinuities. Cladding also improves the mechanical strength of fiber core and reduces
surface contamination. Plastic cladding is commonly used. Materials used for fabrication
of optical fibers are silicon dioxide (S boricoxide-silica.

Summary of Key Modal Concepts

1 Normalized frequency variable, V is definasl
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2ma(n® — n2)1/2
y = Zraln —ny)
A
where, a = Core radius
> = Free space
Ve 2ma NA
) Since (nf — n3)¥2=NA

1 The total number afodes in a multimode fiber is givéy

1 /2may?
M=2(22) @-n)

A

6 d Goradiameter

wavelength

é (1.
6 (1.
& (17.3)

Example 1.7.1 Calculate the number of modes of an optical fiber having diameter of 50, pd,. 48,

nn,= 1.46 and & = 0.
Solution: d = 50pum

n=1.48

n2=1.46

> = 0.82

NA = (nf —n3)%/?

NA = (L4871 1.46)12

NA = 0.243
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Number of modes are given by,

M=—-|—.NA

1[11::1 ]2
21 A

1 |:’IT (50X 107¢%)
— E —_—

082X10° ~ G'HB}

M = 1083 € Ans.

Example 1.7.2: A fiber has normalized frequency V = 26.6 anddperating wavelength is 1300nm. If
the radius of the fiber core is 25 um. Compute the numerical aperture.

Solution: V =26.6
> = 1300 nmm= 1300 X 10

a=25um=25X10m

Ve ZT[ENA
A

A
NA=V.—
2ma
1300 X 107°

NA =266
2mn X 25X 10°®

NA =0.220 é Ans.

Example 1.7.3: A multimode step index fibewith a core diameter of 80 um and a relative index
difference of 1.5 % is operating at a wavelength of 0.85 um. If the core refractive index is 1.48,
estimate the normalized frequency for the fiber and number of goiddds.

[July/Aug.-2008, 6 Marks]
Solution : Given : MM step index fiber, 2 a = 80 pum

\  Core radians a = 40m
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Rel ative index difference, o = 1.5% = 0.015
Wavel ength, & = 0.850m
Core refractive index, n1 = 1.48
Normalized frequency, V = ?
Number of modes, M = ?
Numerical aperture| NA = n, (2A)%/2
=1.48 (2 X 0.015)?
=0.2563
Normalized frequency is given by,
'U=@NA
A
2m X 40
= 085 x0.2563
V =75.78 e Ans.
Number of modes is given by,
M=
2
MzH—ZE?l.SU € Ans.

-
s

Example 1.7.4 ‘A step index multimode fiber with a numerical aperture 0128 supports
approximately 1000 modes at an 850 nm wavelength.

i) What is the diameter of itore?
i) How many modes does the fiber support at 1320
i) How many modes does the fiber suppod%80 nm? [Jan./Feb-2007, 10Marks]

Solution : i) Number of modessigivenby,
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M=%[1%.NA]2

1 Ta 2
1000 =— [— X III.EIII]
21la50X 1077

2000 = 5.464 X a°

a =60.49um € Ans.
ii)
1[7X60.49 X107° :
== —— X 0.20
2| 1320xX10°°
M = (14.39% = 207.07 é Ans.
iii)
M = E[M X n.zn]‘ é Ans.
2 1320 X 10
M = 300.63 € Ans.
Wave Propagation
Maxwel |l 6s Equations
Maxwel | s e gcanductingmmedidmo r non

VXE=-O0B /

VXH=-0D /

where,

E and H are electric and magnetic field vectors.
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D and B are corresponding flux densities.
1 The relation between flux densities and filezttors:
D sE+P
B=wH+M
where,
(& is vacuum permittivity.
Mo is vacuum permeability.
P is induced electric polarization.
M is induced magnetic polarization (M = 0, for Aoragnetic silica glass)
1 P and E are relatduy:
P(r, ) =G [ X (r.t —t)E (r,t")dt’
Where,
X is linear susceptibility.
1 Waveequation:

—1 9%E a‘p
2 g2 M 3¢

VxVxE=

Fourier transform of E (r, t)

[=0n]

E (r,w) = J. E (r,t)e'™® dt

-
r

. we .
VxVxE= —s(rw)—=E
C&

where,
( N iu:n:t:)2
e=In+ —
2
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n is refractive index.

U is absorption coefficient.

n=+/(1+ R

-

1 Both n and U are frequency dependent. The
chromatic dispersion or mater@ikspersion.
1 For step indexiber,

P

VxVxE=V(WV.E - v .E= —V*E
Fiber Modes

Optical mode: An optical mode is a specific solution of the wave equation that satisfies
boundary conditions. There are three types of fiber modes.

a) Guided modes

b) Leakymodes

c) Radiationmodes

1 For fiberoptic communication system guided mode is sued for signal transmission.
Considering a step index fiber with core radiua 6 .
The cylindrical ceo r d i n faanecan be ysed to represent boundary conditions.

6253+1 BEE_I_ 1 625'3+ HEEE_I_ 228 — o
- . _-'1 . - —-'1 ﬂ‘ 3 = =
dp? p dp p? 9¢*  9z° ¢

i The refractivadues i ndex o6ndé has

n—{nl: p=a
n,; p>a

1 The general solutions for boundary condition of optical field under guided mode is
infinite at p =0 and decay tegeroat p = 2. Using Maxwell 6s equa
region.
i

5= (s

dE_ w 3Hz)
2

__l_lp:_ —_,—
dp " °p’ a0
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£ i (,@aﬁ; SHS)
=—|— — Hgtv.
¥ p?lpae "% ap
. i (ﬁﬁEz ,,CL?&HE)
=— | b1 5nt —
? p2\dp Y pad
. (BOE, , 0H,
—— Tt 5N w
Hy =23\ p 00 7 ap

i Thecut-off condition is defined a$

_
V = koa,|(n —n3)

2m =
It is also called asormalized frequency.

Graded Index Fiber Structure

1 The Refractive index of graded index fiber decreases continuously towards its radius
from the fiber axis and that for claddingcisnstant.

i The refractive index variation in the eois usually designed by using power law
relationship.

n(e) = n, [1 — 24 (—]x] when0<r<a
n,(1— Zdji An(l—4)=n, whenr=a
Where, r = Radial distance from fibexxis
a = Coregadius
n: = Refractive index core
nz Refractive index of cladding and
U = The shape of the index profile

1 For graded index fiberby,the index differe
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ﬂz — ﬂg
ﬂ — 1 — -
2ng
Tt Tiq
A==
g
1 In graded index fiber the incident light will propagate when local numerical aperture at
distance r fronaxis, NA® is axial numerical aperture NA(0). The local numerical aperture

IS givenas,

, aat | Ty
NA(r) = | [P() —m3lZ % Nﬂ(ﬂ]dﬂll— (E) ., forr=a
0, forr>a
1 The axial numerical aperture NA(O) is givas,
NA(0) = [n?(0) — n3]"/?
NA(0) = [n? —n2]¥?
NA(0) = n,V2A¥ n, (24)Y?

Hence Na for graded index decreases to zero as it moves from fiber axis¢taddieg
boundary.

i Thevari ation of NA for di fflegrrent values

1.0 -— 0. = o (Step)

NA(r)
NA(0) 98

Fig. 1.7.1 Variation of NA for different o
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T

The number of modes for graded index fiber in giasn

& L. g ;
M:g_i_za‘k‘nlﬂ e (1.7.6)

Single ModeFibers

T

Propagation in single mode fiberasivantageous because signal dispersion due to delay
differences amongst various modes in multimode is avoided. Multimode step index fibers
cannot be used for single mode propagation due to difficulties in maintaining single mode
operation. Therefore for ¢htransmission of single mode the fiber is designed to allow
propagation in one mode only, while all other modes are attenuated by leakage or
absorption.

For single mode operation, only fundamentablode many exist. The single mode
propagation of LBx mode in step index fibers is possible overrdmgge.

0=<V < 2405

T

The normalized frequency for the fiber can be adjusted within the range by reducing
core radius and refractive index difference < 1%. In order to obtain single mode operation
with maximum Vnumber (2.4), the single mode fiber must have smaller core diameter
than the equivalent multimode step index fiber. But smaller core diameter has problem of
launching light into the fiber, jointing fibers and reduced relative imlifésrence.

Graded inde fibers can also be sued for single mode operation with some special fiber
design. The cubff value of normalized frequency Vc in single mode operation for a graded
index fiber is given by,

L

2
V, = 2.405 (1 + —)
oL

Example 1.8.1: A multimode step index optical fiber withlagive refractive index difference
1.5% and core refractive index 1.48 is to be used for single mode operation. If the operating
wavelength is 0.85um calculate the maximum core diameter.

Solution : Given :

& = 1.5 % = 0.015
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& 085um=0.85x10m
Maximum V value for a fiber which gives single mode operations is 2.4.

Normalized frequency (V number) and core diameter is related by expression,

2
VzTHa[NAj

2w 1
V= —a n, (24)2

Vi
a=— 3

2m n,(24)2

2.4x(085x107%)

2mx (1.48)x (0.03)2

a=1.3um € Ans.

Maximum core diameter for single mode operatio.&um.

Example 1.8.22 A GRIN fiber with parabolic refractive index profile core has a refractive index
at the core axis of 1.5 and relative index difference at 1%. Calculate maximum possible core
di ameter that all ows 18umgl e mode operations a

Solution : Given :
n, = 1.5
A=108%=0.01
A=13pm=13x10"%m
for a GRIN

Maximum value of normalized frequency for single mode operation is given by,
1

EAY
V=2.4(1—|——)
o
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ra

'5.-’—24(14-2)
=2, 3

V=242
Maximum core radius is given by expression,

Vi
a=——3
2m n,(2A)2

24/2x13x107¢
a=— i

2mx 1.5 x(0.02)2

a=3.3um € Ans.

\ Maximum core diameter which allows single mode operation is 6.6 pm.

Cut-off Wavelength

1 One important transmission parameter for single mode fiber usffowavelength for
the first higher order mode as it distinguishes the single mode and multiegiiules.

1 Theeffectivecub f f wa vcasldedimed as the largest wavelength at which higher
order [Lp,_,_) mode power relative to the fundamental m(ﬁﬁgw_) powerisreduced
to 0.1 dB. The range of coff wavelength recommended to avoid modal noise and
dispersion problems is : 1100 to 1280 nm (1.1 to 1.28um) for single mode fiber at 1.3
pm.

1 Thecutof f wa vedndarcgmphteddrom expression of normalfeeguency.

v=?an1(2ﬁ]§=)l:m%(2ﬁ]i € .(1.8.1)

2= 20 (9A): ...(1.8.2)

Vv

where,

V. is cutoff normalized frequency.
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1 @& is the wavelength above which a particular fiber becomes single moded. Fdibsame
di vi dhywgsgedthe relation as:

A,V

A

r=2 é (1.8.3)
Vi

But for step index fiver Y= 2.405 then

A, =2 é (1.8.4)

2.405

Example 1.8.3 :Estimate cubff wavelength for step index fiber in single mode operation. The
core refractive index is 1.46 and core radius is 4.5 um. The relative index difference is 0.25 %.

Solutions : Given :

n.=1.46
a=4.5pum
& = 0.00625% =

Cut-off wavelength is given by,

1
2man, (24A)2
}Ll._. = V—

C

For cutoff wavelength, \{ = 2.405

1
_ 2mx4.5x1.46 (0.005)2
c 2.405

A, =1.214 um
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Mode Field Diameter and Spot Size

1 The mode filed diameter is fundamental parameter of a single mode fiber. This parameter
is determined from modeeld distributions of fundamental LbPmode.

1 In step index and graded single mode fibers, the field amplitude distribution is
approximated by Gaussian distribution. Timede Field diameter (MFD) is distance
betweenoppositel/ei 0.37timesthe nearfield strength)amplitude)andpoweris 1/&® =
0.135 times.

1 In single mode fiber for fundamental mode, on field amplitude distribution the fiexle
diameter is shown in figL.8.1.

¥ r
2 4 6 8 Radiusr(um)

Fig. 1.8.1 Mode field diameter

1T The spoeisgvesage
_ MFD
Wy = 3

MFD =0 2 ¥

The parameter takasto account the wavelength dependent filed penetration into the
cladding. Fig. 1.8.2 shows mode field diamete
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~—— 1300 nm optimized

12 -— Dispersion flattenss
-+ Dispersion shiftes
ﬁ 10
Mode field
diameter
(um) 8 7

6 1 1200 1400 1600
i 3 1

wavelength (nm) e=>

Fig. 1.8.2 Mode field diameter variations

Fiber Materials
Requirements of Fiber Optic Material

1. The material must be transparentédficient transmission dight.
2. It must be possible to draw long thin fibers from inaterial.
3. Fiber material must be compatible with the claddiragerial.

Glass and plastics fulfills thesequirements.

1 Most fiber consists of silica (Sipor silicate.Various types of high loss and low loss glass
fibers are available to suit the requirements. Plastic fibers are not popular because of high
attenuation they have better mechanstegngth.

Glass Fibers

1 Glass is made by fusing mixtures of meaigides having refractive index of 1.458 at 850
nm. For changing the refractive index different oxides such.@s, BeQ and BOs are
added as dopants. Fig. 1.8.3 shows variation of refractive index with doping concentration.
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Fig. 1.8.3 Variation of refractive index with doping concentration

1 Fig 1.8.3 siows addition of dopants Ge@nd ROs increases refractive index, while
dopants Fluorine (F) antkB3 decreases refractive index. One important criteria is that the
refractiveindex of coreis greaterthan that of the cladding, hencesomeimportant

Composition Core Cladding
1 GeQi SIOz SiO;
2 P.Os i SiO2 SiO,
3 SiOz B2031 SiOz
4 GeQ i B2O3i SIiO B.O31 SiO2

compositions are used such as

1 The principal raw material for silica is sand and glass. The fiber composed ailjgare
is called as silica glass. The desirable properties of silica glass are
Resistance to deformation even at higimperature.
Resistance to breakage from thermal shocks (low thexxpansion).
Good chemicatiurability.
Bettertransparency.
1 Other types oflass fibers are
- Halide glassgibers
- Active glasdibers
- Chalgenide glass fibers
- Plastic opticafibers
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Fiber Fabrication Methods

1 The vapotphase oxidation process is popularly used for fabricating optical filnerss
process vapoursf metal halides such as SiGind Ged reactive with oxygen and forms
powder of SiQ particles. The Si@particles are collected on surface of bulk glass and then
sintered to form a glass rod calleceform. The preforms are typically 126 mm diameter
and 60120 cm long from which fibers are drawn. A simple schematic of fiber drawing
equipment is shown in Fig. 1.8.4 on npage.

1 The preform is feed to drawing furnace by precision feed mechanism. The preform is
heated up in drawing furnace so that itdm@es soft and fiber can be draeasily.

Precision
feed mechanism

--

-—— Preform

Drawing furnace

Bare fiber ——

E: E<——- Fiber thickness monitor

||| -<—— Coating applicator

N

Take up spool

)

Fig. 1.8.4 Fiber drawing equipment

Coated fiber———=

1 The fiber thickness monitoring decides the speed of take up spool. The fiber is then coated
with elastic material to protect it from dust and watsgpour.

Outside Vapour-Phase Oxidation (OVPO)

1 The OVPO process is a lateral deposition prodag3VPO process a layer of Si(500t)

is deposited from a burner on a rotating mandrel so as to mp&dam. Fig,
1.8.5 shows this process.
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O, + Metal halide vapours

t

Glass particles

Rotating
mandrel

Preform (Soot)
Fig. 1.8.5 OVPO process

1 During the SiQ deposition @and metal hadle vapours can be controlled so the
desired coreeladding diameters can be incorporated. The mandrel is removed when
deposition process is completed, This preform is used for drawing thin filament of
fibers in fiber drawingquipment.

Vapour-Phase AxialDeposition (VAD)

1 In VADprocess, the SiO2 particles are deposited axially. The rod is continuotaggd
and moved upward to maintain symmetry of partit#position.
1 The advantages of VAD proceae
- Both step and graded index fibers possible to fabricate in multimode asidgle
mode.
- The preforms does not have the certicdée.
- The performs can be fabricated in continukmgth.
- Clean environment can Ipeaintained.

Modified Chemical Vapour Deposition (MCVD)

1 The MCVD process invoks depositing ultra fine, vapourized raw materials into a pre
made silica tube. A hollow silica tube is heated to about 360hd a mixture of oxygen
and metal halide gases is passed through it. A chemical reaction occurs within the gas and
g | as s is tonédlandddeposited on the inner side of the tube. The soot that develops
from this deposition is consolidated by heating. The tube is rotated while the heater is
moved to and along the tube and the soot forms a thin layer of silica glass. Tha estdtio
heater movement ensures that the layer is of constant thickness. The first layer that
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deposited forms the cladding and by changing the constituents of the incoming gas the
refractive index can be modified to produce the c@Gmded index fiber is produced by
careful continuous control of the constituents.

1 The temperature is now increased to about 280&nd the tube is collapsed to form a

solid rod called a preform. The preform is about 25 mm in diameter and 1 metre in
length This will produce 25 km diber.

(=
S
5
°
i}
(&)

Heater

T
!
fiber

he faster
pull will
make thinner

Stage - 3
(2100 °C)

Stage - 2
(1800 °C)

The heater is
moved to and

fro

The glass is formed layer by layer

Stage - 1
(1500 °C)

carrier

0, or Neutral

Fig. 1.8.6 MCVD process

1 The preform is placed at a height called a pulling tower and its temperature is increased to
about 2100C. To prevent contamination, the atmosphere is kept dry and clean. The fiber
is then pulled as a fine strand frahe bottom, the core and cladding flowing towards the
pulling point. Laser gauges continually monitor the thickness of the fiber and automatically
adjust the pilling rate to maintain required thickness. After sufficient cooling the primary
buffer is appled and the fiber idrummed.

1 Fig. 1.8.6 (Refer Fig. 1.8.6 on previous page) shows the overall M@vEzss.
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PlasmaActivated Chemical Vapour Deposition (PCVD)

1 PCVD process is similar to MCVD process where the deposition occ@icantubeat
1200°C. It reduces mechanical stress on glass films. There is no soot formation and
hence sintering is not required. Nmothermal microwave plasma at low pressure

initiates the chemicakaction.

Double-Crucible Method

1 Doublecrucible method is a direct melt process. In dowblecible method two different
glass rods for core and Cladding are used as feedstock for two concentric crucibles. The
inner crucible is for core and outer crucible is for cladding. The fiberbeanawn from
the orifices in the crucible. Fig. 1.8.7 shows double crucible method ofdfiaeing.

Cladding feed rod

Outer crucible 3 :
i . Inner crucible

e
N

‘_
NN\\\\v

o .
AR RN
VWA

NN
7
h\
TR

.y

SRR

o
NNNNRANNRY

Drawn fiber

Fig. 1.8.7 Doubie-crucible method

Major advantages of double crucible method is that it is a continuous production process.

Mechanical Properties of Fibers

1 The mechanical propertie$ fibers are equally important as that of transmission
properties. The fibers must be able to sustain stresses and strains exertetheluring

cablingprocess.

Two basic mechanical properties of glass fibers are identified.
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1. Strength
2. Staticfatigued

1. Strength

1 The strength of the fiber is limited due to stress at surfaces or micro cracks. A
hypothetical model of micro crack is shown in Fig. 1.9.1. This is popularly kaswn
Griffith micro crack. The micro crack is ellipticahaped.

w - Width (mm)
Applied — x - Depth (mm)
stress Q - Crack tip r&dius (mm)
(0) G - Applied stress (MPa)
Fiber core

Fig. 1.9.1 Griffith micro crack model

1 The strength of fiber crack is expressex

[}

k = Y x1/ 2 u

where, k = Stress intensity factor [0.6 to 0.9 MN/fh

Y = Flaw geometrygonstant

1 A fiber contains many randomly distributed micro cracks of different sizes. Therefore
fiber strength shuld be expressed statistically. The commutative probability of falure

a fiber is giveras,

F(G, iehyNt®» 1

where, L = Fiberlength
0 = $vel ess
N(G) = Total cracks per unit |l ength

9 The expression Webul N(G) is given by

N(o) = Llu(ﬂiu)m
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where lg, oaind m are constant relating to initial inert strength distribution. The Weibull
expression is given by

2. Static fatigue

1 The static fatigue is the process of slowly growing micro cracks (flaws) due to humid
conditions and tensile stress. Thesepossibility of fiber failure due to growing micro
crack. Also because of chemical erosion at the flaw tip due to water molecules, the flaw
increases. To protect fiber from environmental erosion, coatings are applied immediately
after the manufacturingf fiber.

1 Proof testing is the method for high assurance of fiber reliability. In proof testing the fiber
is subjected to a tensile load greater than the load at the time of manufacturing and
installation. The fibers are rejected if it does not pass #teTke failure probabilitys for
a fiber after it has been proof tested is gigen

Fs=1- e-L(NS-g )

Fiber Optic Cables

1 The fiber optic cable are to be used under variety of situations such as underground, outdoor
poles orsubmerged under water. The structure of cable depends on the situation where it
is to be used, but the basic cable design principles resaims.

1 Mechanical property of cable is one of the important factor for using any specific cable.
Maximum allowable gial load on cable decides the length of the cable be reliably installed.

1 Also the fiber cables must be able to absorb energy from impact loads. The outer sheath
must be designed to protect glass fibers from impact loads and from corrosive
environmentaélements.

Fiber Arrangements

1 Several arrangements of fiber cables are done to use it for different applications. The most
basic form is two fiber cable design. Fig. 1.10.1 shows basic two fiber cable design. It is
also known as basic building block of éitcable.

1 For providing strength to the core several coatings of different materials are applied as
shown in figl.10.1.
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Core

Buffer

Polythene tube
Yarn strength
member
Polyurethane

1 Multiple fiber cable can be combined together using similar techniques. Fig. 1.10.2 shows
commonly used sikber cable.

1 The basic fiber building blocks are used to form large cable. These units are bound on a
buffer material which acts as strength element along with insulated copper conductor. The
fiber building blocks are surrounded by paper tape, PVC jaghet,and outer sheath.

Quter sheath

PVC Jacket
Paper tape

Insulated Cu conductor

Basic fiber building
block

Polyurethane

Buffer material

Fig. 1.10.2 Six fiber cable

Fiber Optic Cable Ducts

1 Number of cores are bundled in plastic ducts. To ease identification, individual fibers are
colour coded Table 1.10.1 shows an example of the colour coding usshhbfacturers.

Fiber number Colour
1 Blue
2 Orange
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Green

Brown

Grey
White
Red
Black

O |l | N[O |0 | bW

Yellow
10 Violet
11 Pink or light blue

12 Tur quoise or neutral

Table 1.10.1 Fiber colour coding

1 If there are more than 12 fibers in a tube they are ushafigled together in quantities of
12 and held together with a coloured binding yarn.

Cable Jacket

The cable jacket, the final outer layer of the cable, may use a number of materials
depending on the required mechanical properties, attenuation, envirahnstress and
flammability. Table 1.10.2 lists the properties of common cable jacket materials.

Jacket material Properties

Polyvinyl Chloride (PVC) Mechanical protection; different grades offer|
flame retardancy and outdoor use. Also for
indoor andgeneral applications.

Gypalon® Can withstand extreme environments; flame
retardant; good thermal stability; resistant to
oxidation, ozone and radiation.

Polyethylene (PE) Used for telephone cables; resistant to
chemicals and moisture; lewost;flammable,
S0 not used in electronic application.

Thermoplastic Elastomer (TPE) Low-coast; excellent mechanical and chemi
properties.
Nylon Used over single conductors to improve

physical properties
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Kynar® (Polyvinylidene Fluoride)

Resistant to abrasions, cuts; thermally stablg
resistant to most chemicals; low smoke
emission; selextinguishing. Used in highly
flame retardant plenum cables.

Teflon® FEP Zero smoke emission, even when exposed f{
direct flame. Suitable to temperatures of 200
°C; chemically insert. Used in highly flame
retardant plenum cables.

Tefzel® Many of the same properties as Teflon; rateq

for 150°C; seltextinguishing.

Irradiated crosg$inked Polyolefin (XLPE)

Rated for 150C; high resistance to
environmental stress, cracking, ¢btough,
ozone, solvents and soldering.

Zero Halogen Thermoplastic

Low toxicity makes it usable in any enclosed

Kevlar, Hyplon, Tefzel and Teflon are registered trademarlksioDu Pont Nemours and
Company. Kynar is a registered trademark of Pennwalt, Inc.

Table 1.10.2 Properties of cable jacket material

Plastic Fiber Optic Cables

1 Fibers can also be manufactured from transparent plastic which offers advantaggsr of

diameter (1 mm), increased flexibility, can be cut using a hot razor blade, ease of
termination. But because of high intrinsic loss use of plastic fibers is normally restricted to
only fewmetres.

Plastic optic fiber (POF) offers noise immunity dod cable weight and volume and is
competitive with shielded copper wire making it suitable for indusapglications.

Silica (glass) optical fiber has better transmission characteristics (Low loss) than POF.
Also, silica fiber can tolerate higher tematre than plastic fiber. On the other hand, POF

is more flexible, less prove to breakage, easier to fabricate and cost is low than glass fibers.
Another advantages of glass/glass fiber is that very clean fracture surface can be obtained
which ensures théber cladding inside the connector retains its optical characteristics right
upto the end face to fiber. Whereas in plastic glass/plastic fiber some additional losses
exists due to fracture zone of plastic which even after grinding and polishing séll ha
microscope end face absorption areas. These advantages and disadvantages are
summarized in Tabl&.10.3.
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Types of cladding

Advantages

Disadvantages

Glass/glass fiber 1 Clean fracturesurface. 1 Less flexible than plastic
1 Retention of  optical fiber.
characteristics. 1 Prone tadamage.
Transparent plastic/plastic | Largediameter. 1 High intrinsicloss.
fiber 1 Increasedlexibility. M Additional losses atthe
1 Ease otermination. fracturezone.

1 Limited distances of a fe\
metres and to
environments  protected
from temperature
extremes.

Table 1.10.3 Advantages and disadvantages of different fiber claddings

Recommended Questions

1. State and explain the advantages and disadvantages of fibesapptiainication

systems.

2. State and explain in brief the principle of ligitopagation.

3. Define following terms with respect to optical lawvs

A) Reflection

B) Refraction

C) Refractiveindex
D) Snelaw 6 s
E) Critical angle

F) Total internal reflectiofTIR)

© ©o N o g bk

Explain thefollowing T

Explain the important conditiorfsr TIR to exit infiber.

Explain the acceptance come dftzer.
Define numerical aperture and state its significaise.

Explain the different types of rays in fibeptic.

Derive an expression for maximum acceptance angldioéa
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A) Step indeXiber

B) Graded index fiber
10. What is mean by mode offiher?
11. Write short notes on following

A) Single mode step inddiber

B) Multimode step indekiber

C) Multimode graded index fiber.
12. Explain the fiber materials usedfabricationrequirements.
13. In case of glass fibers how the refractive index cavdoied?
14. Briefly explain following techniques dabrication.

i) OVPO i) VAD

i) MCVD iv) PCVD

v) Double crucible technique.
15. Comment on major mechanical properties tbar.

16. Write a note on fibearrangements.
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UNIT -2
TRANSMISSION CHARACTERISTICS OF OPTICAL FIBERS

Introduction,Attenuation, absorption, scattering losses, bending loss, dispersion, Intra modal
dispersion, Inter modalispersion.

RECOMMENDED READINGS:

TEXT BOOKS:
1. Optical Fiber Communication i Gerd Keiser, # Ed., MGH,2008.

2. Optical Fiber Communications 1 John M. SeniorPearsonEducation. 3
Impression2007.

REFERENCE BOOK:

1.  Fiber optic communicationi Joseph C Palais"4dition, Pearso&ducation.

Dept of ECE Page62



Optical Fiber Communicatic

Introduction

T

One of the important property of optical fiber is signal attenuation. It is also known as fiber
loss or signal loss. The signattenuation of fiber determines the maximum distance
between transmitter and receiver. The attenuation also determines the number of repeaters
required, maintaining repeater is a cosfiair.

Another important property of optical fiber is distortion meaism. As the signal pulse
travels along the fiber length it becomes more broader. After sufficient length the broad
pulses starts overlapping with adjacent pulses. This creates error in the receiver. Hence the
distortion limits the information carrying pacity offiber.

Attenuation

l

Attenuation is a measure of decay of signal strength or loss of light power that occurs as
light pulses propagate through the length offiiher.

In optical fibers the attenuation is mainly caused by two physical factorsptibacand
scattering losses. Absorption is because of fiber material and scattering due to structural
imperfection within the fiber. Nearly 90 % of total attenuation is caused by Rayleigh
scattering only. Microbending of optical fiber also contributeth#oattenuation afignal.

The rate at which light is absorbed is dependent on the wavelength of the light and the
characteristics of particular glass. Glass is a silicon compound, by adding different
additional chemicals to the basic silicon dioxide th&aal properties of the glass can be
changed.

The Rayleigh scattering is wavelength dependent and reduces rapidly as the wavelength of
the incident radiatiomcreases.

The attenuation of fiber is governed by the materials from which fadscated, the
manufacturing process and the refractive index profile chosen. Attenuation loss is
measured imB/km.

Attenuation Units

T

As attenuation leads to a loss of power along the fiber, the output power is significantly
less than the couplg®wer. Let the couples optical power is p(0) i.e. at origin@x. =

Then the power at distance z is given by,

P(z) = P(0)e #° é (2.1.1)

w h e rp&s fiber@ttenuation constant (per km).

Dept of ECE Page63



Optical Fiber Communicatic

o) =11 n[P(DJ]

z P(z)

a1 = 10. log [%]

X 4p/km= 4343 ¢, perkm

This parameter is known &ber loss or fiber attenuation.
1 Attenuation is also a function of wavelength. Optical fiber wavelength as a function of
wavelength is shown in Fig@.1.1.

20 T i
First

window
10 + T

Attenuation
(dB/km)

Second
window

s

0.1

: I 1 :

600 800 1000 1200 1400 1600 1800
Wavelength (nm) e=p>

Fig. 2.1.1 Fiber attenuation as a function of wavolongth

Example 2.1.1: A low loss fiber has average loss of 3 dB/km at 900 nm. Computertitn
over whichi

a) Power decreases®y % b) Power decreases by #&

Solution : U =B/dn

a) Power decreases by %0

= 20 — 5006 =0.5
piz)
U is given by,
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p(u}]

o=10. 11 [P{}

1
3=10.-log[0.5]
z

\ z=1km é Ans.

b) :ﬁ:;':. 2596 = 0.25

Since power decrease by 76
3=10x ilog[ﬂ.z._':.]

\ Z=2km é Ans.

Example 2.1.2 :For a 30 km long fiber attenuation 0.8 dB/km at 1300nm. If a 200 pwatt power
is launched into the fiber, find the output power.

Solution : z =30 km
U = 0.8 dB/ km
P(0) = 200 pW

Attenuation in optical fiber is given by,

1

P({0
u—iﬂx—lng (}]

P(z)

1
08=10 x — log

[zuu W
30

P(z)

24—1ﬂxlcg[ P(z)

= 102¢

[zm W
P(z)
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\ P(z) = [%] = 0.7962 pW

Example 2.1.3: When mean optical power launched into an 8 km length of fiber is 12 pW, the
mean optical power at the fiber output is 3 pW.

Determing

1) Overall signal attenuation uB.
2) The overall signal attenuation for a 10 kytical link using the same fiber with splices at
1 km intervals, each giving an attenuation ofBL

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

1) Overall attenuation is giveloy,

P(ﬂ}]
a=10 .log P(z)

_ 101 [120]
o= log |
o= 16.02dB

2) Overall attenuation for 1km,

. 16.02 16.02
Attenuationperkm ®gg=——= —— = 2.00 dB/km

Attenuation in 10 km link = 2.00 x 10 = 2IB

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

Total attenuation = 20 dB + 9 dB29 dB
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Example 2.1.4: A continuous 12 km longptical fiber link has a loss of 1.5 dB/km.

i)  What is the minimum optical power level that must be launched into the fiber to maintain

as optical power level of 0.3 uW at the receivergl?
i) What is the required input power if the fiber has a loss ofiB/km?

Solution : Given data: z = 12km

U = dBlkm5

P(0) = 0.3uW

i) Attenuation in optical fiber is givelny,

u=1ﬂx%lcg(@)

P(z)
1.5 =10 ! 1 (ﬂ.EpW
PEEER % T
1 (0.3 uW)_ 15
%\ /” 0833
=1.80
0.3 uW)_ "
(P(z} =10
(03 uW)_ 0.3
P(Z}_(mlﬂ ~ 630

P(z) =476 x107°W

Optical power output 4.76 x10° W

ii) Input power = ? P(0)

When

U = dEkm5

[July/Aug.-2007, 6 Marks]
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1 P(0)
=10 x —log| =—
o X . OE(P(Z})

P(0)
476x 1077

1 PO) \_ .25 __
°6\276x10°/) 0833

P(0) ;
2762105~ 10® = 1000

1
25 =10 x Elng(

\ P(0) = 4.76uW

Input power=4.76 yW € Ans.

Example 2.1.5 Optical power launched into fiber at transmitter end is 150 pW. The power at the
end of 10 km length of the link working in first windowsi i88.2 dBm. Anothesystem of same
length working in second window is 47.5 pW. Same length system working in third window has
50 % launched power. Calculate fiber attenuation for each case and mention wavelength
operation. [Jan./Feb-2009, 4Marks]

Solution : Given data:

P(0) = 150 W
z=10 km
— P(z)
P(z) = —382dBm = | 82 = 10log——~
P(z) = 0.151 yw
z=10km
1 P(0)

o=10 x Elng {@J

Attenuation in ¥window:

1
oy=10 x —log

150 ]
10

0.151
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= 2.99 dB/km € Ans.

Attenuation in 29window:

o, =10 ! 1 15‘]]
2= X108 (375
o,=0.49 dB/km é Ans.
Attenuation in 8 window:
cg=10 % L1og [
3T X108 [ 75
;= 0.30 dB/km é Ans.

Wavelength in $window is 850 nm.
Wavelength in 2 window is 1300 nm.

Wavelength in ¥ window is 1550 nm.

Example 2.1.6: The input power to an optical fiber is 2 mW while the power measured at the
output end is 2 uW. If the fibattenuation is 0.5 dB/km, calculate the length of the fiber.

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

P(z) = 2 pwatt = 2 x TOwatt

U = 0.5 dB/ km
1 [Bio)
u=1ﬂx;[ﬁ]
0s—10 <4 2% 1073
S T
1
05= -x%3
Z
3
2= 0.05
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z= 60 km € Ans.
Absorption

1 Absorption loss igelated to the material composition and fabrication process of fiber.
Absorption loss results in dissipation of some optical power as hear in the fiber cable.
Although glass fibers are extremely pure, some impurities still remain as residue after
purificaon. The amount of absorption by these impurities depends on their concentration
and lightwavelength.

1 Absorption is caused by three differem¢chanisms.

1) Absorption by atomtic defects in glassmposition.
2) Extrinsic absorption by impurity atoms glassmatts.
3) Intrinsic absorption by basic constituent atonfiloér.

Absorption by Atomic Defects

1 Atomic defects are imperfections in the atomic structure of the fiber materials such as
missing molecules, high density clusters of atom groups. Thesepabsdosses are
negligible compared with intrinsic and extrinfasses.

1 The absorption effect is most significant when fiber is exposed to ionizing radiation in
nuclear reactor, medical therapies, space missions etc. The radiation dames the internal
structure of fiber. The damages are proportional to the intensity of ionizing particles. This
results in increasing attenuation due to atomic defects and absorbing optical energy. The
total dose a material receives is expressed in rad (Si), this is therungdsuring radiation
absorbed in bulkilicon.

1 rad (Si) = 0.01 J.kg

The higher the radiation intensity more the attenuation as shown in Fig 2.2.1.
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Fig. 2.2.1 lonizing radiation intensity Vs fiber attenuation

Extrinsic Absorption

9 Extrinsic absorption occurs due to electrotrignsitions between the energy level and
because of charge transitions from one ion to another. A major source of attenuation is
from transition of metal impurity ions such as iron, chromium, cobalt and copper. These
losses can be upto 1 to 10 dB/km. THfea of metallic impurities can be reduced by glass
refiningtechniques.

1 Another major extrinsic loss is caused by absorption d@Ht¢Hydroxil) ions impurities
dissolved in glass. Vibrations occur at wavelengths between 2.7 and 4.2 um. The
absorption paks occurs at 1400, 950 and 750 nm. These are first, second and third
overtonegespectively.

1 Fig. 2.2.2 shows absorption spectrum for OH group in silica. Between these absorption
peaks there are regions of lattenuation.
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Fig. 2.2.2 Absorption spectra for OH group

Intrinsic Ab sorption

1 Intrinsic absorption occurs when material is in absolutely pure state, no density variation
and inhomogenities. Thus intrinsic absorption sets the fundamental lower limit on
absorption for any particulanaterial.

1 Intrinsic absorption results fno electronic absorption bands in UV region and from atomic
vibration bands in the near infraresbion.

1 The electronic absorption bands are associated with the band gaps of amorphous glass
materials. Absorption occurs when a photon interacts with ana@iecithe valene band
and excites it to a higher energy level. UV absorption decays exponentially with increasing
wavelengti &) .

1 In the IR (infrared) region above 1.2 um the optical waveguide loss is determined by
presence of the OH ions and inherent IB&a@ption of the constituent materials. The
inherent IR absorption is due to interaction between the vibrating band and the
electromagnetic field of optical signal this results in transfer of energy from field to the
band, thereby giving rise to absorptidhis absorption is strong because of many bonds
present in théber.

1 Attenuation spectra for the intrinsic loss mechanism in pure Ge is shown thZR).
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Fig. 2.2.3 Attenuation spectra for intrinsic loss
1 The ultraviolet loss at any wavelength is expressed

_ 1543 xlﬂ'zxe[}‘_-} é (2.2.1)

uv o a6 x+60
where, x is mole fraction of GeO
& I s operating wavelength.
Uy is in dB/km.

1 The loss in infrared (IR) region (above 1.2 um) is given by expression

—4E4E8

op=7.81x10" x e[ A e (2.2.2)

The expression is derived for GeSIO;, glass fiber.

Rayleigh ScatteringLosses

1 Scattering losses exists in optical fibers because of microscopic variations in the material
density and composition. As glass is composed by randomly connected network of
molecules and several oxidesd. SiQ, GeQ and ROs), these are the major cause of
compositional structure fluctuation. These two effects results to variation in refractive
index and Rayleigh type scatteringlight.

1 Rayleigh scatteringof light is due to small localizechanges in the refractive index of the

core and cladding material. There are two causes during the manufactd@ .of
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l

T

T

The first is due to slight fluctuation in mixing of ingredients. The random changes because
of this arempossible to eliminateompletely.

The other cause is slight change in density as the silica cools and solidifies. When light ray
strikes such zones it gets scattered in all directions. The amount of scatter depends on the
size of the discontinuity compaa with the wavelength of the light so the shortest
wavelength (highest frequency) suffers most scattering. Fig. 2.3.1 shows graphically the
relationship between wavelength and Rayleigh scattérsy

51

4 ]
3+
Loss

(dB/km) 2 T
1 -+

2 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

Wavelength (A) pm

Fig. 2.3.1 Scattering loss

Scattering loss for single component glass is gen

g 2 - ;
Hoear™ B (Il‘ - 1:]‘ k]3 TE' BT nepers e (231)

where, n = Refractivandex

ke= Boltzmannds constant
br = Isothermal compressibility of material

Tt = Temperature at which density fluctuations are frozen into the glass as it solidifies

(fictive temperature)

Another form of equation is

where,

4

an 2 P
Hocar™ ) n® p- 1{]3 TE'BT nepers e (232)

P = Photoelasticoefficient

1 Scattering loss for multicomponent glasses is gbhen

Koear =

3t

s’

(82)7 v
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where, 83 = Mean square refractive indéiMctuation
&v = Volume of fiber

1 Multimode fibers have higher dopant concentrations and greater compositional
fluctuations. The overall losses in this fibers are more as compared to single mode fibers.
Mie Scattering :

1 Linear scattering also occurs at inhomogenities and these arisenfimerfections in the
fiberds geometry, irregularities in the r1e
caused during manufacture. Careful control of manufacturing process can reduce mie
scattering to insignificarievels.

Bending Loss

1 Losses due tourvature and losses caused by an abrupt change in radius of curvature are
referred tlmsassesaldendi ng

1 The sharp bend of a fiber causes significant radiative losses and there is also possibility of
mechanical failure. This is shown in Fy4.1.

Normal
Light Core ,/' Escaped
ray ray

Fig. 2.4.1 Bending loss

1 As the core bends the normal will follow it and the ray will now find itself on the wrong
side of critical angle and will escape. The sharp bends are thesgtoded.
1 The radiation loss from a bent fiber depend$ on

)} Field strength of certain critical desce % from fiber axis where power is lost
throughradiation.
) The radius of curvaturg.

1 The higher order modes are less tightly bound to the fiber core, the higher order modes
radiate out of fibefirstly.

1 For multimode fiber, the effective numberrmabdes that can be guided by curved fiber is
given expression :
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V= nfe- 222+ (2™ ¢ 24

where,
U is graded index profile.
& i s claddingeindex difference.

ny is refractive index of cladding.
k is wave propagation conste(r%f).

Np is total number of modes in a straight fiber.

N, = —(n, ka)?a é (24.2)

o w32

Microbending

1 Microbending is a loss due to small bending or distortions. This small microbending is not
visible. The losses due to this are temperatelaed, tensile related or crudtated.

1 The effects of microbending on multimode fiber can result in increasing attenuation
(depending on wavelength) to a series of periodic peaks and troughs on the spectral
attenuationcurve. Theseeffects can be minimized during installation and testing. Fig.

2.4.2 illustratesnicrobening.

Cladding

WA AW AL

Core

Fig. 2.4.2 Microbending

Macrobending

1 The change in spectral attenuation caused by macrobending is different to microbending.
Usually there are no peaks and troughs because in a macrobending iscchgipied back
into the core from the cladding as can happen in the casEmbends.
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1 The macrobending losses are cause by large scale bending of fiber. The losses are
eliminated when the bends are straightened. The losses can be ndrbgnizet exceeding
the long term bend radii. Fig. 2.4.3 illustratesmcrobending.

Fig. 2.4.3 Macrobending

Core and CladdingLoss

1 Since the core and cladding have different indices of refraction hence they have different
attenuati onarcaredpettivetyi ent s U
1 For step index fiber, the loss for a mode order (v, m) is diyen

0, g =0¢; 502 foc, Zeladding é (25.1)
For low-order modes, the expression reduced to

o, =0, + (0, +0¢y) PEL:ILHE é (2.5.2)
Where,P'?;"' and-S=dine oo fractionapowers.

1 For graded index fiber, loss at radial distance is expressed

x (r) =oc; + (o, — Klj%:? é (25.3)
The loss for a given mode is expressed by,

X eraded Index— SLCLULL e (2.5.4)

‘r:c- Plrirdr

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

Signal Distortion in Optical Waveguide
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1 The pulse get distorted as it travels along the fleegths. Pulse spreading in fiber is
referred as dispersion. Dispersion is caused by difference in the propagation times of light
rays that takes different paths during the propagation. The light pulses travelling down the
fiber encounter dispersion effelsecause of this the pulse spreads out in time domain.
Dispersion limits the information bandwidth. The distortion effects can be analyzed by
studying the group velocities in guidetbdes.

Information Capacity Determination

1 Dispersion and attenuation aifilpe travelling along the fiber is shown in F2g6.1.

g:,?:és Separate pulse at t,
att,
/\/\ Distinguishable pulse, t, >t
ﬁ >‘
Pulse
shapes Barely distinguishable
and pulse, t3 > t4
amplitudes v
VAN
Pulses not distinguishable ,
44>
L. S

Distance along fiber

Fig. 2.6.1 Dispersion and attenuation in fiber

1 Fig. 2.6.1 shows, after travelling some distance, pulse starts broadening and overlap with
the neighbouring pulses. At certain distance the pulses are not even distinguishable and
error will occur at receiver. Therefore the information capacity is specified by bandwidth
distance product (MHz . km). For step index bandwidth distance product is 20 MHz . km
and for graded index it is 2.5 MH&m.

Group Delay

1 Consider a fiber cable carrying ag&l signal equally with various modes and each mode
contains all the spectral components in the wavelength band. All the spectral components
travel independently and they observe differénte delay and group delay in the
direction of propagation. The heity at which the energy in a pulse travels along the fiber
is known agyroup velocity. Group velocity is gively,

_ dw

Vo= 6 (2.6.1)
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1 Thus different frequency components in a signal will travel at different group velocities
and so will arrive at their destination at different times, for digital modulation of carrier,
this results in dispersion of pulse, which affects the maximum ratedtlation.Let the
difference in propagation times for two side bands I3 .

™ E [+] z
6t = — x84 e (2.6.2)
where, &t = Wavelength difference between upper and lower sidefspedtralwidth)

dt . . ..
= — Dispersion coefficientD)

dt

=% where, L is length diiber.

Then, D

d(1 1 L :
D= ﬁ(v_g) Ast= v—gand considering unit length LE
1_3d8
1 di dB
V,  dodx
1 -2 dp
V, 2mc dx
\
_d /- dp
D=% (:m'.ﬂ) .. (2.6.3)

91 Dispersion is measured in picoseconds per nanometkiqeeter.

Material Dispersion

1 Material dispersion is also called as chromatic dispersion. Matisarsion exists due to
change in index of refraction for different wavelengths. A light ray contains components
of wvarious wavel engtihThetime delyasrdifatentdor diffarant e | e n «
wavelength components. This results in time disip@ of pulse at the receiving end of
fiber. Fig. 2.6.2 shows index of refraction as a function of optical wavelength.
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1.56
154+
i} 1524
Index of
refraction 1.5 <
148 1
146+
1441 \
\
1421 ‘
0.2 04 1 2 4

Wavelength
(urm) —

Fig. 2.6.2 Index of refraction as a function of wavelength

1 The material dispersion for unit length (L = 1) is gi\®n

-4 din
r Xdlz ,

Dpmar =

where, ¢ = Light velocity

& GCenter wavelength

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

Negative sign shows that the upper sideband signal (lowest wavelength) arrives before
the lower sideband (highestvelength).

1 A plot of material dispersion and wavelength is shown in Ei§.3
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40
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Fig. 2.6.3 Material dispersion as a function of A

1 The unit of dispersion is : ps/nm . km. The amount of material dispersion depends upon
the chemical composition glass.

Example 2.6.1: An LED operating at 850 nm haspectral width of 45 nm. What is the pulse

spreading in ns/km due toaterial dispersion? [Jan./Feb-2007, 3Marks]
Solution : Given : & = n®50
& = 45 nm

R.M.S pulse broadening due to material dispersion is given by,

Obm= 0 LM
Considerindength L = 1 metre
Material dispersion constantD .. = j dzil
c dAs
For LED source operating at 850 nﬂﬁ% = 0.025
\ M:iﬂ:—:j = o3y X 0025
M = 9.8 ps/nm/km
\ Om=45x1x 9.8 = 44ps/km
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Um = 441ns/km é Ans.

Example 2.6.2 :What is the pulse spreading when a laser diode having a 2 nm spectral width is
used?Find the the materiadispersioninduced pulse spreading at 1550 nm for an LED with a 75

nm spectrawidth [Jan./Feb-2007, 7Marks]
Solutions : Given:a« = 2 nm
a = 75
D - 1 22 dZn
mat — Cl 'dlg
Dmat = m x0.03 =50 ps,’nm,‘km
Um=2 X1 x50 200ns/km é Ans.
_ 0.025 _ =1
For LED Dmar = T3xi0%)=its0 53.76 psnm™km

Um=75x1x53.76
Um =4.03ns/km € Ans.
Waveguide Dispersion

1 Waveguide dispersion is caused by the difference in the index of refraction between the
core and cl adding, resulting in a 6dragd
thepower.

1 Waveguide dispersion is signiéint only in fibers carrying fewer thanl® modes. Since
multimode optical fibers carry hundreds of modes, they will not have observable
waveguidadispersion.

f The gr o uw aridirglduee yo wavEguidispersion.

(tug) = [ra+ ny 0 2] ¢ (2.6.5)
Where, b = Normalized propagatiozonstant
k = 2"  Yeloa&ty)( gr oup
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Normalized frequency V,
b 5 l
V = ka(n; — n3)?2
V = kan,2A (For small A)

Twg = E[ﬂ: + nzd d;::b}] ... (2.6.6)

The second tern':lu?T"} is waveguide dispersion and is mode depenigent..

1 As frequency is a function of wavelength, the graapocity of the energy varies with
frequency. The produces additional losses (waveguide dispersion). The propagation
constant (b) varies with wavelength, the causes of which are independent of material
dispersion.

Chromatic Dispersion

1 The combination of mterial dispersion and waveguide dispersion is called chromatic
dispersion. These losses primarily concern the spectral width of transmitter and choice of
correctwavelength.

1 A graph of effective refractive index against wavelength illustrates the effiectaterial,
chromatic and waveguidi#spersion.

1.47

1

Effective 1.46
refractive
index

1.45

r, Chromatic dispersion

/.— Waveguide dispersion

Material dispersion
fiddpmasmommpn e o
500 1000 1500 2000

Wavelength (hm) =

Fig. 2.6.4 Graph of effective refractive index against wavelength showing effects of
chromatic, waveguide and material dispersion

1 Material dispersion and waveguide dispersion effects vary in vary in opposite senses as the
wavelength increased, but at an optimum wavelength around 1300 nm, two effects almost
cancel each other and chratic dispersion is at minimum. Attenuation is therefore also at
minimum and makes 1300 nm a highly attractive operatengelength.
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Modal Dispersion

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

1 Modal dispersan takes place in multimode fibers. It is moderately present in graded index
fibers and almost eliminated in single mode step irfibexs.

1 Modal dispersion is givehy,

L7 A
Atmodal = = (1—;1..)

where &®thoda = Dispersion
ny = Core refractive index
Z = Total fiber length

¢ = Velocity of light in air

@ = Fract.i mdem{f'-n;"ﬁjef ractive
. (na®)z | .
Putting A=——=in aboveequation
(NAT)Z
ﬁtmnd&l = 2111 c
T The modal ddadepcabesstihempticabpulse spreading due to modal effects

optical pulse width can be converted to electrical rise time througleldtenship.

tr' mod — 0.44 (&tmodal]ﬂrz

Signal distortion in Single Mode Fibers

1 The pul se wovenrrangedof wagelengths can be obtaifredh derivative of
group delay with respect t .

dt,,,

da

Owg =

a3
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= L|Dwg(}'=:] |G}k

v dng
Tl an |
_ mgldgy [, d2 (V) .
T el [V dv'-‘-] é (2.6.7)
vE ch dv? é (2.6.8)
1 This is the equation for waveguide dispersion for lemgth.
Example 2.6.3: For a single modébernr= 1. 48 and o = 0.2 % operat.i
compute the waveguide dispersibiv. dd':';_b} = 0.26.
Solution: n,=1.48
P G2
= 1320 nm
Waveguide dispersion is given by,
D (0= —n,A [ _d*(Vb)
wg( j - A dv2
—148x 02
[0.20]

© 3x10%x1320

=-1.943 picosec/nm . km.
Higher Order Dispersion

1 Higher ordedispersive effective effects are governed by dispersion Slope

where, D is totaldispersion.
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-

= ()6, + (5

where,
b>a n dareébsecond and third order dispersion parameters.

91 Dispersion slope S plays an important role in designing V\ip#fem
Dispersion Induced Limitations

1 The extent of pulse broadening depends on the width and the shape of input pulses. The
pulse broadening is studied with the help of wegegation.

Basic Propagation Equation

1 The basic propagation equation which gosgpulse evolution in a single mode fiber is
givenby,

dA 0A if, 9°A B,9%°A

54_ 13¢ © 2 "at2 6 a3

where,
b1, 2abn d arebdifferent dispersion parameters.
Chirped Gaussian Pulses

1 A pulse is said to b e chirped if its carrier frequency changedimié
{ For a Gaussian spectrum havig e ¢ t r a¢)the wulsd lirdadering factor is given

by,

o’ Cp,L ’ 2 B,L : 2492 B3l ) a

—=|1+ = +(1+ V] =] +(1+C+ V7)° e

= (1+5) + ar o (55) ¢ averwr (T
where, Vy= 208

Limitations of Bit Rate
1 The limiting bit rate is giveby,
4B 0 O 1

1 The condition relating bit ratdistance product (BL) and dispersion (D) is giten
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1
BL |Dlo, =—
IDloy <7

L1
BL [S|o? < —

- =
/

v

where, S is dispersion slope.

1 Limiting bit rate a single mode fibers as a function of fiber lengttiifer 0, a and 5nm is
shown in fig.2.6.5.

Bit rate
(Gb/sec)

Fiber length (km)

Fig. 2.6.5 Dependence of bit rate on fiber length
Polarization Mode Dispersion (PMD)

1 Different frequency component of a pulse acquires diffepetdrization state (such as
linear polarization and circular polarization). This results in pulse broadeningwsdsho
polarization mode dispersion (PMD).

1 PMD is the limiting factor for optical communication system at high data rates. The effects
of PMD nust becompensated.

Pulse Broadening in GI Fibers

1 The core refractive index varies radially in case of graded index fibers, hence it supports
multimode propagation with a low intermodal delay distortion and high data rate over long
distance is possible.h& higher order modes travelling in outer regions of the core, will
travel faster than the lower order modes travelling in high refractive index region. If the
index profile is carefully controlled, then the transit times of the individual modes will be
identical, so eliminating modadispersion.

1 The r.m.s pulse broadening is given as
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172

0 = (OPuermodal T Ortermodal ) é (2.7.1)
where,
Gintermodali R.M.S pulse width due to intermodal delay distortion.
Uintermodall R.M.S pulse width resulting from pulse broadening within each mode.
1 The intermodal delay and pulse broadening are related by expression gRrersdyick.
Gintermodal — ({Té}—{’fg}z)m é (2.7.2)
Wh e rgis grauip delay.

From this the expression for intermodal pulse broadesigiven as:

LN,A o 7 oc423\b?
intermodal — I Dc_l_l( )

3w +2
2, 4cicg(m+1) 1aa‘cgu:x+1}=]1f’2 ]
[cl T e (St 2)(3t2) é (2.7.3)
x—2—E 3oc—2—2c
cg=———T—andc, = ————————
o +2 2(ex +2)

1 The intramodal pulse broadening is given as

Oimtramodal = {Z_A): <(A%)2) e (2.7.4)

Wh e r.& spéctral width of optical source.

Solving the expression gives :

) L o[ _, d*n\’
Tintramodal E T —A EFE - Nj_clﬂl.
(2.-12 dz”'_ i - N A A )]1.-"2 ] 2 7 5
dA® a1 161 (oc42) (3ec+2) e ( . . )
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Mode Coupling

1 After certaininitial length, the pulse distortion increases less rapidly because of mode
coupling. The energy from one mode is coupled to other mods bexfause
- Structuralimperfections.

Fiber diametevariations.

Refractive index variations.
- Microbends ircable.

1 Due to the mode coupling, average propagation delay become less and intermodal
distortionreduces.

1 Suppose certain initial coupling length 5 mode coupling length, ovetE Z.
Additional loss associated with mode coupling = h (ki8).

Therefore the epess attenuation resulting from mode coupling = hZ.

The improvement in pulse spreading by mode coupling is given as :
hz(2£) = c
Ty
where, C is constant independent of all dimensional quantities and refractive indices.
Uc is pulse broadening under mode coupling.

lo is pulse broadening in absence of mode coupling.

T For Il ong fiber I engthoés the effect of mode
graded index fiber, the effect of distance on pulse broading for various coupling losses are
shown in Fig2.8.1.
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1 h=0 Fiber
100 1 parameters
h=1 dB/km il
Pulse .
broadening 10 + h =4 dB/km C=11
(ns)
0 t t i ——iz=
0.1 1 10 100
Fiber length
(km)

Fig. 2.8.1 Mode coupling effects on puise broadening

1 Significant mode coupling occurs of connectors, splices and with other passive components
of an opticalink.

Design Optimization

1 Features of single mode fibers are
- Longerlife.
- Low attenuation.
- Signal transfer quality igood.
- Modal noise isabsent.
- Largest BWdistance product.
9 Basic design optimization includes the following
- Cutoff wavelength.
- Dispersion.
- Mode fielddiameter.
- Bendingloss.
- Refractive index profile.

Refractive Index Profile

91 Dispersion of single modsilica fiber is lowest at 1300 nm while its attenuation is
minimum at 1550 nm. For archiving maximum transmission distance the dispersion null
should be at the wavelength of minimum attenuation. The waveguide dispersion is easier
to control than the matalidispersion. Therefore a variety of catadding refractive
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idex configuration fivers. Such as 1300 nraptimized fibers, dispersion shifted fibers,
dispersiori flattened fibers and large effective core area fibers.

1.1300 nmi Optimized Fibers

1 These are most popularly used fibers. The two configurations of 1300ptimized
single mode fibers are
a) Matched claddindibers.
b) Dressed claddinfjbers.

1 Matched cladding fibers have uniform refractive index throughoutatiding. Typical
diameter is 9% Om and & = 0.35

91 Dressed cladding fibers have the innermost cladding portion has low refractive index than
outrcladding region. TypiOc @2b5-02% et er i s

Fig 2.9.1 shows both types of filser

fe—2a—] je—2a—»]

2 A, =025%
a=4.5um A=0.35% a=42um l

Ay=012%

(a) Matched cladding (b) Dressed cladding

Fig. 2.9.1 1300 nm - optimized refractive index profile

2. Dispersion Shifted Fibers

|=-2a-=|
a;=3.1pum
a=22um =129 8y =4um
[ A=12% o, BB fim Ar=10%
IA2=2.0%

f=ay e

[—3—]
fe——a3—|

(a) Step index

(b) Triangular
Fig. 2.9.2 Dispersion shifted fibers

1 The addition of wavelength and material dispersion can shift the zero dispersion point of
longer wavelength. Two configurations of dispersion shifted fibers are
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a) Step index dispersion shiftéter.
b) Triangular dispersion shifteer.

3. DispersionFlattened

1 Dispersion flattened fibers are more complex to design. It offers much broader span of
wavelengths to suit desirable characteristics. Two configurations are

a;=3um _075% as=3.4 um
2= 4.7 pm
‘045 %

—a; fe—o —| 81 |=—
h_az_ﬂ
(a) Double clad profile (b) Quadruple clad profile

Fig. 2.9.3 Dispersion flattened

1 Fig 2.9.4 shows totaksultandispersion.

= ;gg&;? d Dlspersmn shifted
%X Dispersion flattened
0

Dispersion
-10
-20

1300 1400 1500 1600
Wavelength (nm) e=>

Fig. 2.9.4 Total resultant dispersion
Dispersion Calculations

1 The total dispersion consists of material and waveguide dispersions. The resultant
intermodal dispersion is given as,

D(A]=%

wher e, U is group delay per unit |l ength of

1 The br oad eaptical gulsels givdas, a n
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& = D (&) LO @&
w h e r.& half fower spectral width of source.

1 As the dispersion varies with wavelength and fiber type. Different formulae are used to
calculate dispersions for variety of fiber at differemtvelength.

1 For a nori dispersion shifted fiber between 1270 nm to 1340 nm wavelength, the
expression for dispersion is given:as

SRS

where,
& is zero dispersion wavelength.
Sis value at dispersion slop at @&

1 Fig 2.9.5 shows dispersigrerformance curve for nedispersion shifted fibers in 1270
1340 nnmregion.

D = 3.5 ps/(nm : km)

_______________________________

4 ol

Dispersion
(ps/nm - km) 0

Dispersion
performance region

D=-35ps/(nm- km)

1270 1300 1320 1340
: Wavelength (nm)
Fig. 2.9.5

1 Maximum dispersion specified as 3.5 ps/(nm . km) marked as dotted line (hhFty.

Cut-off Frequency of an Optical Fiber
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1 The cutoff frequency of aroptical fiber is determined not only by the fiber itself (modal
dispersion in case of multimode fibers and waveguide dispersion in case of single mode
fibers) but also by the amount of material dispersion caused by the spectral width of
transmitter.

Bending Loss Limitations

1 The macrobending and microbending losses are significant in single mode fibers at 1550
nm region, the lower cuiff wavelengths affects more. Fig. 2.9.6 shows macrobending
losses.

’ l
Added loss due to macrobending
21
Lo - Added loss due to microbending
(dB/km) ] Basic fiber loss

1 T T T T
1000 1200 1400 1500 1600 1800

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

1 The bending losses are functionnebddefiled diameter, smaller the modield diameter,
the smaller the bending loss. Fig. 2.9.7 shows loss due to-fietdidiameter.

1 The bending losses are also function of beadtlus of curvature. If the bend radius is less,
the losses are more and whba radius is more, the bending lossedess.

2
-<—— Macrobending loss
1531
Loss
(dB/km) e -—— Microbending loss
f t t 1
8 9 10 1 12

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

Briefly explain material dispersion with suitalsketch.
Give expression of pulse broadening in graded irfitbex.
State the significance of mode coupling in opifber communication.

Explain in detail the design optimization of single méders.

a &~ w b E

Elaborate dispersion mechanism in optfdatrs.
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UNIT -3
OPTICAL SOURCES AND DETECTORS

I ntroducti on, LEDOGs, L RhSt&deteator nmisegeResponbBettime, o det e
double hetero junction structure, Photo diodes, comparison of photo detectors.

7 Hours
RECOMMENDED READINGS:
TEXT BOOKS:
1. Optical Fiber Communication i Gerd Keiser, % Ed., MGH,2008.
2. Optical Fiber Communications i John M. SeniorPearsonEducation. 3

Impression2007.

REFERENCE BOOK:
1.  Fiber optic communicationi Joseph C Palais"™&dition, Pearso&ducation.
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Optical Sources

1 Optical transmitter covertslectrical input signal into corresponding optical signal. The
optical signal is then launched into the fiber. Optical source is the major component in an
opticaltransmitter.

91 Popularly used optical transmitters are Light Emitting Diode (LED) and semictordu
Laser Diodes (LD).

Characteristics of Light Source of Communication

1 To be useful in an optical link, a light source needs the followlvagacteristics:

i) It must be possible to operate the device continuously at a variety of tempdratures
manyyears.

ii) It must be possible to modulate the light output over a wide rangedhilating
frequencies.

i) For fiber links, the wavelength of the output should coincide with one of transmission
windows for the fiber typesed.

iv) To couple large amount of powerardin optical fiber, the emitting area shouldsbsall.

v) To reduce material dispersion in an optical fiber link, the output spectrum sieuld
narrow.

vi) The power requirement for its operation mustdve

vii) The light source must be compatible with thedern solid statdevices.

vii)  The optical output power must be directly modulated by varying the input ctarent
thedevice.

iX) Better linearity of prevent harmonics and intermodulatiistortion.

X) High couplingefficiency.

xi) High optical outpupower.

xii) High reliability.

xiii)  Low weight and low cost.

Two types of light sources used in fiber optics are light emitting diodes (LED&sard
diodes(LDs).

Light Emitting Diodes(LEDS)
p-n Junction

1 Conventional g junction is called asomojunction as same semicondactmaterial is
suedon both sidesjunction. The electrorhole recombinationoccursin relatively wide
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layer = 10 um. As the carriers are not confined to the immediate vicinity of junction, hence
high current densities can not tealized.

1 The carrier confinement problem can be resolved by sandwiching a thin layer ( = 0.1 um)
between gtype and rtype layers. The middle layer may or may not be doped. The carrier
confinement occurs due to bandgap discontinuity of the junction. &jamction is call
heterojunction and the device is called douliieterostructure.

1 In any optical communication system when the requiremeints is
D) Bit rate f100-20 Mb/sec.

i) Optical power in tens of micro watts.
LEDs are best suitable opticsdurce.

LED Stru ctures

Heterojuncitons

1 A heterojunction is an interface between two adjoining single crysaiconductors
with differentbandgap.

1 Heterojuctions are of two types, Isotypen(ior p-p) or Antisotype(p-n).

Double Heterojunctions (DH)

In order to achieve efficient confinement of emitted radiation ddudtierojunctions are
used in LED structure. A heterojunciton is a junction formed by dissimilar semiconductors. Double
heterojunction (DH) is formed by two different semiconductors oh sate of active region. Fig.
3.1.1 shows double heterojunction (DH) light emitter.

N — lnp—>-1l¢—-ﬂ - InGaAsP——»-'r—— p = INP——

|
1
1
1

Injected 7/ / % Electron
ﬁ electrons barrier
©) 1

Electron
energy

1
i
Electron hole hv = 1300 nm
0.95eV redombination AP
1.35eV |

Hole + Injected
ba:;rier W%— hrgleecs

1
1
1
I
]
1
1

oS b S
Refractive B2 e
index '_____Waveguide region —————‘4

Fig. 3.1.1 Double heterojunction (DH) emitter
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1 The crosshatched regions represent the energy levels of freecharge. Recombination occurs
only in active InGaAsP layer. The two materials have differentdfap energies and
different refractive indices. The changes in bandgap energies create potential barrier for
both holes and electrons. The free charges can recombine only in narrow, well defined
active layerside.

1 A double heterjuction (DH) structure wibnfine both hole and electrons to a narrow active
layer. Under forward bias, there will be a large number of carriers injected into active
region where they are efficiently confined. Carrier recombination occurs in small active
region so leading to anfefient device. Antoer advantage DH structure is that the active
region has a higher refractive index than the materials on either side, hence light emission
occurs in an optical waveguide, which serves to narrow the dugjput.

LED configurations

1 At present there are two main types of LED used in optical fiber links
1. Surface emitting LED.
2. Edge emitting LED.
Both devices used a DH structure to constrain the carriers and the light to an active
layer.

Surface Emitting LEDs

1 In surface emitting LEDs theplane of active light emitting region is oriented
perpendicularly to the axis of the fiber. A DH diode is grown on @pé substrate at the
top of the diode as shown in Fig. 3.1.2. A circular well is etched through the substrate of
the device. A fiber ishen connected to accept the emitight.

Fiber

Epoxy resin bonding material

Circular etched well
Metal contact

S
i

L

|«— Substrate

N
= % P } Double - heterojunctions

P
Active _— i SiO, - isolation

le— Gold heatsink

Metal contact

Fig. 3.1.2 Cross-section through a typical surface emitting LED
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1 Atthe back of device is a gold heat sink. The current flows throughtyy@epmaterial
and forms the small circular active region resulting in the intense belaghtof
Diameter of circulaactive area = 50 um
Thickness of circular active area = 2.5 ym
Current density = 2000 A/chinalf-power
Emission pattern = Isotropic, 126eamwidth.
1 The isotropic emission pattern from surface emitting LED is of Lambartian pattern. In
Lambartian pattern, the emitting surface is uniformly bright, but its projected area
di mini shes as cos d, where d is the angl e
the surface as shown in Fig. 3.1.3. The beam intensity is maximum alamay rtined.

Beam
intensity
Beam angle

. av UTE T

/

Fig. 3.1.3 Lambartian radiation

1 The paver is reduced t o 5 Q%herefore thettatal hafowek wh e n
beamwidth is 120 The radiation pattern decides the coupling efficiendy&d.

Edge Emitting LEDS (ELEDS)

1 In order to reduce the losses caused by absorption in the active layer and to make the beam
more directional, the light is collected from the edge of the LED. Such a device is known
asedge emittingLED or ELED.

1 It consists of an active junction region whiis the source of incoherent light and two
guiding layers. The refractive index of guiding layers is lower than active region but higher
than outer surrounding material. Thus a waveguide channel is form and optical radiation is
directed into the fiber.i§. 3.1.4 shows structure 8_ED.
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Strip contact
Guiding layers.
Metal contact

SiO, isolation
. Double heterojunction layers
d

Substrate
Metal contact
Heat sink

Fig. 3.1.4 Structure of edge emitting, DH, strip contact LED

Edge emitterds emission pattern i s more
coupling efficiency. The beam is Lambartian in the plane parallel to the junction but diverges more
slowly in the pane perpendicular to the junction. In this plane, the beam divergence is limited. In
the parallel plane, there is no beam confinement and the radiation is Lambartian. To maximize the
useful output power, a reflector may be placed at the end of the dipdsitepthe emitting edge.

Fig. 3.1.5 shows radiation from ELED.

Active region

Fig. 3.1.5 Unsymmetric radiation from an edge emitting LED

Features of ELED:

Linear relationship between optical output and current.

Spectral width 1Isi@%mto 400 nm for & = 0.
Modulation bandwidth is mudarge.

Not affected bycatastrophic gradation mechanisms hence are ralable.

ELEDs have better coupling efficiency than surfenstter.

ELEDs are temperatusensitive.

ok whE

Usage :

1. LEDs are suited for short range narrow and medium bandvintth
2. Suitable for digital systesmup to 14Mb/sec.
3. Long distance analdaqks.
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Light Source Materials

1 The spontaneous emission due to carrier recombination is eldletdo luminescenceTo
encourage electroluminescence it is necessary to selemppaspriate semiconductor
material. The semiconductors depending on energy bandgap can be cateégjarized
1. Direct bandgagemiconductors.

2. Indirect bandgagemiconductors.
1 Some commonly used bandgap semiconductors are shown in following.talile

Semiconductor Energy bandgap (eV) Recombination B (cm3/ 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
InSb Direct : 0.18 4.58 x 104

Si Indirect : 1.12 1.79 x 10*

Ge Indirect : 0.67 5.25 x10*4

GaP Indirect : 2.26 5.37 x 10t

Table 3.1.1 Semiconductor material for optical sources

91 Direct bandgap semiconductors are most useful for this purpose. In direct bandgap
semiconductors the electrons and holes on either side of bandgaahea/ealue of crystal
momentum. Hence direct recombination is possible. The recombination occurs within 10
8to 10%%sec.

1 In indirect bandgap semiconductors, the maximum and minimum energies occur at
different values of crystal momentum. Tieeombination in these semiconductors is quite
slow i.e. 1 and 10° sec.

1 The active layer semiconductor material must hadeext bandgap. In direct bandgap
semiconductor, electrons and holes can recombine directly without need of third particle
to canserve momentum. In these materials the optical radiation is sufficientlyThgke
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materials are compounds of group Il elements (Al, Ga, In) and group V element (P, As,

Sb). Some tertiary allos GaAlx As are also used.
1 Emission spectrum of &ox AlxAs LED is shown in Fig3.1.6.

For x = 0.08
(Ratio of Aluminium Arsenide
to Galium Arsenide)

Output 05 T

Peak Power at 810 nm
power .

0 850
Wavelength (nm)

770 8

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

1 The peak output power is obtained at 810 nm. The width of emission spectrum at half

power (0.5) is referred as full width half maximum (FWHM) spectral width. For the given

LED FWHM is 36 nm.

1 The fundamental quantum mechanical relationship between gap energy E and frequency v

is given ag
E=hv
E=h>
!
= ,:I,:E
E
wher e, energy (E) i1is in joules and wavel
(Eg) i n el ectron v o Imicometers torthissappbchtiern gt h (&) i n
1.24
AMpm) =
{um) E, (eV)

Different materials and alloys have different bandgap energies.
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1 The bandgap energy {Ecan be controlled by two compositional parameters xyand
within direct bandgap region. The quartenary alloyxl®a Asy Py is the principal
material sued in such LEDs. Two expression relatingrid x,y aré

E; = 1.424 + 1.266 x + 0266 x* e 3.1.

E,=135-072y+0.12 y? e 3. 1.

Example 3.1.1: Compute the emitted wavelength from an optical source having x = 0.07.

Solution ; x =0.07

E. = 1424 + 1.266 x + 0266 x*

E.=1424 + (1.266 x 0.07) + 0266 x (0.07) °

Eg=1.513 eV
Now A= %
Eg
A= 1.24
1513
A =10.819 pm
A=10.82 pm é Ans.

Example 3.1.2 For an alloy In0.74 GiasAso.s7Po.43to be sued in Led. Find the wavelength
emitted by this source.

Solution : Comparing the alloy with the quartenary alloy composition.
In1x Ga As Py it is found that
x = 0.26 and

y =0.57
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Eg=1.35i 0.72y +0.12 %

Using
Eg = 1.35(0.72 x 0.57) + 0.12 x 0.57
Eg=0.978 eV
Now \ 1.24
EE
124
0978
A= 12671 um
A=1.27 um € Ans.

Quantum Efficiency and Power

f Thei nt er nal g u a m)iuudefinesl fisfthe catioefiradigtive( racombination
rate to the total recombinatioate.

Rr
By +Rp,

(O
w

T]'Lnt =

Where,
R: is radiative recombination rate.

Rnr is nonradiative recombination rate.

. . . . . "
If n are the excess carriers, thaliative life timer, = = and
T

. T _ n
nonradiative lifetime, 7, = =—
nr

1 The internal quantum efficiency is givenias

1
Mime = B
—_Har

?n
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1 ~
Mine = 30T e 3.1.6
Tnr
T The recombination time of carriers in act.i
recombination lifdime.
1 _ 1 1
T T, Ty e 3.1.7
Therefore internal quantum efficiency is giveri as
T ,
Mime = — e 3.1.38

»

1 If the current injected into the LED is | and q is electron charge then total number of
recombinations per secondiis

R, =R,, :]E From equatior8.1.5
R!"
Tlint Illl;q
I
\ Rr = Nime X E
319

1 Optical powemenerated internally in LED is given &s

¥

int

=R,.hwv

I
Pm :(Tlin K—).h\?
T T q

\ Pi_nt = T-li_nt'_ 3110

1 Not all internally generated photons will available from output of device. The external
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guantumefficiency is usedto calculatethe emitted power. The externalquantum
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efficiency is defined as the ratio of photons emitted from LED to the number of photons
generated internally. It is given by equation

=1 6 3.1.11

Next = e
1 The optical output power emitted from LED is giveri as

P = Tlext' Pi.l!‘.lt

1
P=——— P,
Tl[:ﬂ‘l'lj‘ int

Example 3.1.3: The radiative and non radiative recombination life times of minority carriers in
the active region of a double heterojunction LED are 60 nsec and 90 nsec respectively. Determine
the total carrier recombination life time and optical power generatedatiieiiithe peak emission
wavelength si 870 nm and the drive currect is 40 [@dy/Aug.-2006, 6BMarks]

Solutions : Given : > = 870 nfm 0.87 x 10
(= 60 nsec.
G = 90 nsec.

| =40 mA = 0.04 Amp.

i) Total carrier recombination liféme:

1 1 1
T 60 90
1 150
T 5400
\ U= 36 nsec. € Ans.

i) Internal opticapower:
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hel

F’i.l!‘.lt = Mine

gqh

o= () ()
int — T, q}"-

B (30) (6.625 x107**)(3 x 10%) x 0.04
~ \60/| (1.602x1071%)(0.87x107%)

int

P, = 3422 mW é Ans.

Example 3.1.4: A double heterjunciton InGaAsP LED operating at 1310 nm has radiative and
nonradiative recombination times of 30 and 100 ns respectively. The cunjerted is 40 Ma.
Calculatey

i) Bulk recombination lifdime.
i) Internal quantunefficiency.
ii) Internal powetevel.

Solution : = 1310 nMme (1.31 x 10
U=30ns
Gr= 100 ns
| =40 MAT 0.04 Amp.

) Bul k Recombinat:iion Life time (U)

1 1 1

T 30 100
\ U= 23.07 nsec. € Ans.

i) Il nternal eugnitum efficienty (q

T
Wine = —
in T

r
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23.07
Mine = T
Nine = 0.769 € Ans.
iii) Internal pwer level (Pint) :
hel
F’i.l!‘.lt = ﬂint'a
(6.625 x107**)(3x 10°) x0.04
P..=0769x — —
(1.602 x1071%)(0.87 x 107€)
P,.=2.913 mW é Ans.

Advantages and Disadvantages of LED
Advantages of LED

Simpledesign.

Ease oimanufacture.
Simple systenntegration.
Low cost.

High reliability.

apkowobpPE

Disadvantages of LED

1. Refraction of light at semiconductor/amterface.

2. The average life time of a radiative recombination is only a few nanoseconds, therefore
nodulation BW is limited to only few hundredegahertz.

3. Low couplingefficiency.

4. Large chromatic dispersion.

Comparison of Surface and Edge Emitting LED

Maximum Fiber coupled power
LED type modulation Output power (mW) (mF:N) P
frequency (MHz)
Surface emitting 60 <4 <0.2
Edge emitting 200 <7 <1.0
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Injection Laser Diode (ILD)

1 The laser is a device which amplifies the light, hence the LASER is an acronym for light
amplification by stimulated emission @diation.
The operation of the device may be described by the formation efeatromagnetic
standing wave within a cavity (optical resonator) which provides an output of
monochromatic highly coherent radiation.

Principle :

1 Material absorb light than emitting. Three different fundamental process occurs between
the two energy stageof anatom.

1) Absorption 2) Spontaneous emission 3) Stimulat®dssion.

1 Laser action is the result of three process absorption of energy packets (photons)
spontaneous emission, and stimulated emission. (These processes are represented by the
simple tweerergy-level diagrams).

Where E is the lower state energy level.
E is the higher state energy level.

1 Quantum theory states that any atom exists only in certain discrete energy state, absorption
or emission of light causes them to make a transition fromstate to another. The
frequency of the absorbed or emitted radiation f is related to the difference in energy E
between the twetates.

If E1is lower state energy level.

and E is higher state energy level.

E=(&7T Ey) =h.t.

Where, h=6.626 x 1#J / s ( ddhs@amt)k 0 s

1 An atom is initially in the lower energy state, when the photon with energy Hx) is
incident on the atom it will be excited into the higher energy Etaterough the absorption

of thephoton.
Initial state it
E;
Absorptio

Fig. 3.1.7 Absorption
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1 When the atom is initially in the higher energy statat can make a transition to the lower
energy state fproviding hie emission of a photon at a frequency corresponding to E = h.f.
The emission process can occur in tways.

A) By spontaneous emission in which the atom returns to the lower energy state in random
manner.

B) By stimulated emission when a photon having equaigsni® the difference between
the two states (B Ej) interacts with the atom causing it to the lower state with the
creation of the secormhoton.

Initial state Final state

E;

Spontaneous
mission

e

Fig. 3.1.8 Spontaneous emission

Initial state Final state

Stimulated
emission

SO ——

Fig. 3.1.9 Stimulated emission

1 Spontaneous emission gives incoherent radiation while stimulated emission gives coherent
radiation. Hencehe light associated with emitted photon is of same frequency of incident
photon, and in same phase with sgrakrization.

1 It means that when an atom is stimulated to emit light energy by an incident wave, the
liberated energy can add to the wave in tmesive manner. The emitted light is bounced
back and forth internally between two reflecting surface. The bouncing back and forth of
light wave cause their intensity to reinforce and buid The result in a high brilliance,
single frequency light beaprovidingamplification.

Emission and Absorption Rates
1 It Niand N are the atomic densities in the ground and excitats.
Rate of spontaneous emission

Rspon= AN

M-
w
=

13

Rate of stimulated emission
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Rstim = BN2 } em é 3.1.14
Rate of absorption

Rabs= B3 em e 3.1.15
where,
A, B and B6 are constants.
} emiS spectral density.

1 Under equilibrium condition the atomic densitiesddd N> are given by Boltzmann
statistics.

where,
Kg is Boltzmann constant.
T is absolute temperature.

1 Under equilibrium the upward and downward transition ratesgual.
AN2+BN2jem= BiGem é 3.1.18

Spectralm density |}

= A/B 6 3.1.19

PE!T.I. ':B",." B}[hh"',." KgT _1]

Comparing spectral density of black body radiation giveRlbtyan k 6 s f or mul a,

g, 8
gnhv™ /¢

Pem = E[:hﬁ"' E{BT:I_:L ¢ 5.1.20

Therefore, A= Bﬂ::
e 3.1. 21
B'= B e 3.1.22

A and B ar e coaffickred Ei nsteinds
Dept of ECE Pagell3



Optical Fiber Communicatic

Fabry 1 Perot Resonator

1 Lasers are oscillators operating at frequency. The oscillator is formed by a resonant cavity
providing a selective feedback. The cavity is normally a F&lempt resonator i.e. two
parallel plane mirrors separated by distaince

Reflecting layer

Cavity ends

Active layer

confinement layer

Optical output

Semireflecting face

y
Longitudinal Lateral

N

Zz Transverse Far - field
pattern

Fig. 3.1.10 Fabry-Perot resonator for laser diode

Light propagating along the axis of the interferometer is reflected by the mirrors back to the
amplifying medium prowing optical gain. The dimensions of cavity are5Z® um longitudinal

5-15 um lateral and 0-0.2 um transverse. Fig. 3.1.10 shows FaBeyot resonator cavity for a
laser diode.

1 The two heterojunctions provide carrier and optical confinementdireation normal to
the junction. The current at which lasing starts is the threshold current. Above this current

the output power increasebarply.
Distributed Feedback (DFB) Laser

1 In DFB laster the lasing action is obtained by periodic variationsfiagictere index along
the longitudinal dimension of the diode. Fig. 3.1.11 shows the structure of DFB laser diode.
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Gratings
for
variation of
refractive
index

Optical
confinement

layers
Y Optical

output
Fig. 3.1.11 DFB laser diode

Lasing conditions and resonant Frequencies
1 The electromagnetic wave propagating in longitudinal directiexpsessed as
E(z, t) = I(z) & (t¥2) 6€3.1.23
where,
I(z) is optical field intensity.
q Iis optical radian freqguency.
b i s propagation constant.

1 The fundamental expression for lasing in FaBgyot cavity i

I(z) = 1(0) el s —x(hv)}z] e 3.1.24
where,
a 1 s feeld conficeanént factor or the fraction of optical power in the active layer.
U is effective absorption coefficient of mate

g is gain coefficient.
h v is photon energy.
z is distance traverses along the lasing cavity.

1 Lasing (lightamplification) occurs when gain of modes exceeds above optical loss during
one round trip through the cavity i.e.z = 2L. If &d R are the mirror reflectivities of the
two ends of laser diode. Now the expression for lasing expressing is madified
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I(ZL) = I(GJE[EL;Tg':hv:'—rx':hv:'}] é 3.1. 25

The condition of lasing threshold is givenias

i) For amplitude : 1 (2L) = (0)
i) Forphase : ¢ %=1
i) Optical gain at threshold = Total loss in ttevity.

i.e. a tthl
1 Now the lasing expression is reduced to
1 p
Mgy, =a, = +EIH(R1 R:) e 3.1.26
P =0G= X +00 g é 3.1.27

where,
| endiS mMirror loss in lasing cavity.

T An i mportant condition for | asigam. to occur

Example 3.1.5: Find the optical gain at threshold of a laser diode having follopamgmetric
valuesi Ri=R,= 0. 3 2, "tdnd L= 500Qum.m

Solution : Optical gain in laser diode is giveniby

r —n:!c+11(1 )
B =% ToL R, RS

Fgy = 10

1
+ ! ( )
2% (500 10~%) " \0.32x032
gy, =33.7cm™? é Ans.
Power Current Characteristics

1 The output optic power versusforward input currentcharacteristicds plotted in Fig.
3.1.12 for a typical laser diode. Below the threshold currehbfily spontaneous
emission is emitted hence there is small increase in optic power with drive current. At
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threshold when lasing conditions are satisfied. The opimakr increases sharply after
the lasing threshold because of stimulated emission.

1 The lasing threshold optical gainggis related by threshold current density)(Jor
stimulated emission by expression

D
w
[EEN

gth=DbIn 28

wher e, b i device siractite.a n t for

Stimulated
Optical emission
power 2 -+
(mW)

Spontaneous
emission

100 150
Current (mA)

Fig. 3.1.12 Power current characteristics
Fig. 3.1.12 Power currentharacteristics
External Quantum Efficiency

1 The external quantum efficiency is defined as the number of photons emitted per electron
hole pair recombination above threshold point. The external quantum effigieq i$
given byi
_ MilEm—=)
Eth

[N
w
[ —

29

MNext

where,
d = Internal quantum efficiency (0-®.7).
0wt = Threshold gain.

U = Absorption coefficient.

Dept of ECE Pagell?



Optical Fiber Communicatic

T Typi cal eofa$tamdard seficatiductor laser is ranging betwee2025.
Resonant Frequencies

1 At thresholdasing

2b L = 2~ m
where, B= zﬂlm (propagatiorconstant)
m is an integer.
\ m=2L.> ..3.1.30
Since cC = Vo
\ A=2

Substituting & in 3.1.30
1 Gain in any laser is a function of frequency. For a Gaussian output the gain and

frequency are related by expression

i}.-}.::u”-]

g(W) = g(ﬂ]e[_ za

e 3.
where,
g(0) is maximum gain.
& is center wavelength in spectrum.
G is spectral width of the gain.
1 The frequency spacing between the two successive modes is
c e 3

The wavelength Spacing is givenias
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-

la
2Ln

AR =

D
w
=

34

Optical Characteristics of LED and Laser

1 Theoutput of laser diode depends on the drive current passing through it. At low drive
current, the laser operates as an inefficient Led, When drive current crosses threshold value,
lasing action beings. Fig. 3.1.13 illustrates graph comparing optical pawedt&ED
operation (due to spontaneous emission) and laser operation (due to stimulated emission).

Laser

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

Stimulated
emission
(laser operation)

Optical power =z>

= Current
Threshold
current

Fig. 3.1.13 Optical characteristics of an LED and laser compared

Spectral and Spatial Distribution of Led and Laser

1 At low current laser diode acts like normal LED above threshold current, stimulated
emission i.e. narrowg of light ray to a few spectral lines instead of broad spectral
distribution, exist. This enables the laser to easily couple to single mode fiber and reduces

the amount of uncoupled light (i.e. spatial radiation distribution). Fig. 3.1.14 shows spectral
and spatial distribution difference between tiodes.

(a) (b)
Fig. 3.1.14 Comparing (a) spectral and (b) spatial distribution of laser diodes
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Advantages and Disadvantages of Laser Diode

Advantages of Laser Diode

©oNORwwDdRE

Simple economidesign.

High opticalpower.

Production of light can be precisedgntrolled.

Can be used &ightemperatures.

Better modulatiorcapability.

High couplingefficiency.

Low spectral width (3.51m)

Ability to transmit optical output powers between 5 andand.
Ability to maintain the intrinsic layer characteristics over lpegods.

Disadvantages of Laser Diode

1.

2.

At the end of fiber, a speckle pattern appears as two coherent light beams add or subtract
their electric field depending upon their relatpleases.

Laser diode is extremely sensitive to overload currents and at high traiesméates, when

laser is required to operate continuously the use of large drive current produces
unfavourable thermal characteristics and necessitates the use of cooling and power
stabilization.

Comparison of LED and Laser Diode

Sr. No. Parameter LED LD (Laser Diode)
1. Principle of operation Spontaneous emission. Stimulated emission.
2. Output beam Noni coherent. Coherent.
3. Spectral width Board spectrum (20 nin100 nm) | Much narrower (35 nm).
4, Data rate Low. Very high.
5. Transmission distance Smaller. Greater.
6. Temperature sensitivity Less sensitive. More temperature sensitive
7. Coupling efficiency Very low. High.
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Compatible fibers

Multimode step index multimode

Single mode SMultimode

GRIN. GRIN.
9. Circuit complexity Simple Complex
10. Life time 1C° hours. 10* hours.
11. Cost Low. High.
Linearly proportional to drive Proportional to current
12. Output power current. above threshold.
13. Current required Drive current 50 td.00 mA peak. Thresholdrrcl:xrrent 51040
14. Wavelengths available 0.66 to 1.65 pm. 0.78 to 1.65 pm.
15. Applications Moderate distance low data rate Long dls:g?é:se high data
Important Formulae for LED and Laser
LED
124
1.A= E
2i=ie
3-”1'?::' = 1___1:_
hel
4. Pi.!‘.lt = Nipe ¥ H
LASER
1 1
L.Tga =o +In ()
2.4v= Z2Ln
}LE
3. Ad= ZLn
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Optical Detectors Principles of
Optical Detectors

1 The photodetector works on the principle of optical absorption. The main requirement of
light detector or photodector is its fast response. For fiber optic communipatipase
most suited photodetectors are PINype- Instrinsicn-type) diodes and APD (Avalanche
photodiodes)

1 The performance parameters of a photodetector are responsivity, quantum efficiency,
response time and dackirrent.

Cut-of f Wave) ength (@&

1 Any particular semiconductor can absorb photon over a limited wavelength range. The
highest wavelength is known as -@uff f wa v e)l Eha gutofi wafedength is
determined by bandgap energydE material.

where,

Egy inelectron volts (eV) and

& cut-off wavelength is in um.

Typi cal cforailicanas 186 umand for germanium itis 1.6 pum.
Quantum Efficiency (d)

1 The quantum efficiency is define as the number of elediada carrier pair generated
per incidet photon of energy h v and is givenias

Number of electron hole pairs generated

n= Number of incident photons

I./q
=B - A
n=Es 3.2.2

where, |yis averagghotocurrent.

Pin is average optical power incident on photodetector.
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1 Absorption coefficient of material determines the quantum efficiency. Quaeftigiency

d < 1
percentage.

as al |

Detector Responsivity )

t he

p h ot & pairs. litis mormally expressed in |

1 The responsivity of a photodetector is the ratio of the current output in amperes to the
incident optical power iwvatts. Responsivity is denoteg .

H==
Fin
Ip—g Ip h
But n=——=E22%
Pin—hw 9 Fin
\ I _ ng
Pin hw
F)
nq nq
R= —= —
v WV
Therefore

Bl n

1 Responsivity gives transfer characteristics of detector i.e. photo current per unit incident

opticalpower.

1 Typicalresponsivities of pin photodiodes é&re

Silicon pin
Ger mani um pi
I n GaAs pin
_ 54x10°
M= ex108

photodi ode at
n photodiode
phot oAdW.ode at

n=09=9072%

900
at 1.
1. 3

n ot

é 3.2.3

é 3.2. 14

...3.25
nm YO0O. 65 A/ W
3 Om YO0. 45 A
Om YO0. 9

é Ans.

1 r photodetectors are sued. As the intensity of optical sigilaéatceiver is very low, the
detector has to meet high performaspecifications.

- The conversion efficiency must be high at the operatiagelength.

- The speed of response must be high enough to ensure that signal distortion does not

occur.
Dept of ECE
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- The detection process introduce the minimum amounoise.
- It must be possible to operate continuously over a wide range of temperatures for
manyyears.

- The detector size must be compatible with the fiberensions.

1 At present, these requirements aret by reverse biasedmpphotodiodedn these devices,
the semiconductor material absorbs a photon of light, which excites an electron from the
valence band to the conduction band (opposite of photon emission). The photo generated
electron leaves behinitla hole, and so each photon generates two charge carriers. The
increases the material conductivity so gdibtoconductivity resulting in an increase in
the diode current. The diode equation is modified as

o
w
N
(o)}

Iyioge = (Ig + L) (e¥a/™*T — 1)
where,
lqis dark current i.e. current that flows when no signal is present.
Isis photo generated current due to incident optical signal.

Fig. 3.2.1 shows a plot of this equation for varying amounts of incident optical power.

Current

—» Voltage

/& Region 1

Increasing
optical
power

Region 3
Fig. 3.2.1 V-l characteristics of photodiode

1 Three regions can be seenward bias, reverse bias and avalanoteakdown.

) Forward bias, region 1: A change in incident power causes a change in terminal
voltage, it is called aghotovoltaic mode If the diode is operated in this mode, the frequency
response of the diode isquand so photovoltaic operation is rarely used in optical links.
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) Reverse bias, region 2A change in optical power produces a proportional change
in diode current, it is called gdhotoconductive modeof operation which most detectors use
Under these condition, the exponential term in equation 3.2.6 becomes insignificant and the

reverse bias current is given by
Idlnde = [Id + Is:]

1 Responsivityof photodiode is defined as the change in reverse bias current per unit change
in optical powr, and so effici¢metectors need largesponsivities.

i) Avalanche breakdown, region 3 When biased in this region, a photo generated
electronhole pair causes avalanche breakdown, resulting in large diode for a single incident
photon. Avalance photodiodes (APDs) operate in this region APDs exhibit carrier
multiplication. They are usuallyevy sensitive detectors. Unfortunatélyl characteristic is
very steep in this region and so the bias voltage must be tightly controlled to prevent

spontaneoubreakdown.

PIN Photodiode

1 PIN diode consists of an intrinsic semiconductor sandwichedeleettwo heavily doped
p-type and rtype semiconductors as shown in Bg2.2.

Intrinsic layer

f

i

A O s
|

Bias s g
voltage — 3 hy §RL Vo

photons 1
-©

Fig. 3.2.2 PIN photodiode

1 Sufficient reverse voltage is applied so as to keep intrinsic region free from carries, so its
resistance is high, most of diode voltage appears across it, aetetircal forces are
strong within it. The incident photons give up their energy and excite an electron from
valanceto conductionband.Thusa free electronhole pair is generatedthesearecalled
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asphotocarriers. These carriers are ¢etted across the reverse biased junction resulting

in rise in current in external circuit call@thotocurrent.

In the absence of light, PIN photodiodes behave electrically just like an ordinary rectifier
diode. If forward biased, they conduct laaggaount ofcurrent.

PIN detectors can be operated in two mod&hotovoltaic and photoconductive In
photovoltaic mode, no bias is applied to the detettdhis case the detector works very
slow, and output is approximately logarithmic to the injmit level. Real world fiber

optic receivers never use the photovoltamde.

In photoconductive mode, the detector is reverse biased. The output in this case is a current
that is very linear with the input ligbower.

The intrinsic region some what ingwes the sensitivity of the devidédoes not provide
internal gain. The combination of different semiconductors operating at different
wavelengths allows the selection of material capable of responding to the desired operating
wavelength.

Characteristics of common PIN photodiodes

Sr. No. | Parameters| Symbol Unit Si Ge InGaAs
1. Wavelength =3 Hm 04711 0.87 1.8 1.07 1.7
2. Reponsivity H A/W 0.471 0.6 | 0.57 0.7 0.67 0.9
3 Sﬁt‘lggtr‘]’g ¢ % 75-90 | 50155 | 60i 70
4. Darl current ld nA 17 10 5071 500 1-20
5. Rise time Tr nS 0.57 1 0.17 0.5 | 0.0271 0.5
6. Bandwidth B GHz 0.31 0.6 0.57 3 17 10
7. \Ef(')‘f‘tz g Vb v 507 100 | 5i 10 5-6
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Depletion Layer Photocurrent

1 Consider a reverse biased RiNotodiode.

Negative voltage
L W
p i n
Depletion layer
o-| -0 |-
g;]%'?::st Electron @ ’ Hole
diffusion Carrier drift diffusion

Fig. 3.2.3 Reverse biased PIN diode

1 Thetotal current density through depletion layer is

Jot = Jir + Juiff

Where,

Jar is drift current densioty due to carriers generated in depletion region.

Juitt is diffusion current density due to carriers generated outside depiegiam.

1 The drift current density is expressed as

= |

Idr:

Jar = @ 0y (1— ™)
where,
A is photodiode area.
f o is incident photon flux per unit area.

1 The diffusion current density is expressed as

O

m_L _
Jagg=a0, ————e ="+ anufS

U 1+e,Ly,
where,

Dy is hole diffusion coefficient.

[N

([N

e

3.2.9
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Pn is hole concentration in-type material.

Prois equilibrium hole density.

Substituting in equation 3.2.7, total current density through reverse biased depletion layer

IS |
—EgW

a D
Jior = a0, [1 14l

} + qPyo é 3.2.10
B

B

Response Time

1 Factors thatletermine the response time of a photodiodé are
i) Transit time of photocarriers within the depletiegion.
if) Diffusion time of photocarriers outside the depletiegion.
i) RC time constant of diode and extero@mtuit.

1 The transit time is given by

W

s = é 3. 2.

_vd

1 The diffusion process is slow and diffusion times are less than carrier drift time. By
consideringthe photodioderesponsdime the effect of diffusion canbe calculated Fig.
3.2.4 shows theesponse time of photodiode which is not fully depleted.

100 % f=mm======m=m=m=oom=oo oo -e

Slow carrier
response

g

Output 50 % T

«— Fast carrier response

Fig. 3.2.4

1 The detector behaves as a simple low pass RC filter having pasgband

1

N = e 3. 2.

2m RR CT

where,
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Rr, is combination input resistance of load and amplifier.

Cr is sum of photodiode and anf@r capacitance.

Example 3.2.5: Compute the bandwidth of a photodetector having parameters as
Photodiode capacitance = 3 pF
Amplifier capacitance = 4 pF
Load resistance = 50 q
Amplifier input resistance = 1 Mq
Solution : Sum of photodiode amaimplifier capacitance

Cr=3+4=7pF

Combination of load resistance and amplifier and input resistance

Rr= 50q || 1 Mg & 50 ¢
Bandwidth of photodetector B = L
andwidth of photodetector =R Cs
_ 1
T 2m50x 7x10"%2
B =454.95 MHz é¢ Ans.

Avalanche Photodiode (APD)

1 When a pn junction diode is applied with high reverse biasakdown can occur by two
separate mechanisms direct ionization of the lattice atoms, zener breakdown and high
velocity carriers impact ionization of the lattice atoms called avalanche breakdown. APDs
uses the avalanche breakdown phenomena for its aperditie APD has its internal gain
which increases itgesponsivity.

1 Fig. 3.2.5 shows the schematic structure of an APD. By virtue of the doping concentration
and physical construction of the n+ p junction, the electric filed is high enough to cause
impactionization. Under normal operating bias, thiayer (the p region) is completely
depleted. This is known asach through condition, hence APDs are also knowneech
through APD or RAPDs.]
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E - field

_________________ Avalanche region

Gain p

min.field needed for

Absorption p (i) impact ionization

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

91 Similar to PIN photodiode, lighbsorption in APDs is most efficient iAldyer. In this
region, the Hield separates the carriers and the electrons drift into the avalanche region
where carrier multiplication occurs. If the APD is biased close to breakdown, it will result
in reverse lakage current. Thus APDs are usually biased just below breakdown, with the
bias voltage being tightlgontrolled.

1 The multiplication for all carriers generated in the photodiode is givén as

M=} é 3.2.13
P
where,
Im = Average value of total multiplied owtpcurrent.
I = Primary unmultiplied photocurrent.
1 Responsivity of APD is given Gy
ngq
FRapp = hv M
ngai c
= —DNM e -
FRarp hv v 2
EHAPD = ﬁc, M é 3 . 2 1 4
where, Ho = Unity gainresponsivity.

Dept of ECE Pagel30



Optical Fiber Communicatic

MSM Photodetector

T

Metatsemiconductemetal (MSM) photodetector uses a sandwictssiniconductor
between two metals. The middle semiconductor layer acts as optical absorbing layer. A
Schottky barrier is formed at each metal semiconductor interface (junction), which
prevents flow of electrons.

When optical power is incident on it, the @®n-hole pairs generated through photo
absorption flow towards metal contacts and capbesocurrent.

MSM photodetectors are manufactured using different combinations of semiconductors
such ag GaAs, InGaAs, InP, InAlAs. Each MSM photodetectors hatindisfeatures

e.g. responsivity, quantum efficiency, bandwidth etc.

With InAlAs based MSM photodetector, 92 % quantum efficiency can be obtained at 1.3
pum with low dark current. An inverted MSM photodetector shows high responsivity when
iluminated fromtop.

1 A GaAs based device with travelling wave structure gives a bandwidth beyo&Hz00

Important Formulae for PIN and APD

PIN photodiode

1.24

o, /hv
3R=TI=2
APD
1. B= —
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Recommended Questions

Optical Source

List thecharacteristics of light sources required in optical communication.
Describe the construction and workingL®&D.
Explain the structure of surface emitting and edge emittitigs.
Compare the performance parameters of surface emitting LED aneémidgagLED.
Deduce the expression at internal quantum efficiency and internally generated optical
power for LED. From this expression how external efficiency and poveataslated?
Explain the principle of laser action. Explain also the spontaneoustiamdated
emissionprocess.
Give the necessary conditions for lasihgeshold.
Explain the structure af
i) Fabry-Perotresonator.
ii) DFB lasediode.
9. Derive expression for lasing condition and hence for opgiail.
10. Explain the power current characteristaf lasediode.
11. Give the expression far

i) External quantunefficiency.

if) Frequencyspacing.

iii) Wavelengthspacing.

State the significance of each parameter in the expression.
12. Compare the parameters of LED and LASER.

arwhE

o

© N

Optical Detector

=

With a propeisketch briefly explain the structure of Péibde.

2. Explain the following term relating to PIN photodiode with progegosressions.
i) Cut-off wavelength.

i) Quantumefficiency.

iif) Responsivity.

Explain the structure and principle of workingA#®D.

Deduce the expresn for total current density fé&PD.

How the response time of APDastimated?

Give expression for passband of ABEtector.

Compare the performance parameters of PIN and APD.

Noo,w
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UNIT -4
FIBER COUPLERS AND CONNECTORS

Introduction, fiber alignment and joint loss, single mode fiber joints, fiber splices, fiber
connectors and fiber couplers.

RECOMMENDED READINGS:

TEXT BOOKS:
1. Optical Fiber Communication i Gerd Keiser, # Ed., MGH,2008.

2. Optical Fiber Communications i John M. SeniorPearsonEducation. 3
Impression2007.

REFERENCE BOOK:

1.  Fiber optic communicationi Joseph C Palais"4dition, Pearso&ducation.
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Fiber Alignment

1 In any fiber optic communication system, in order to increase fiber length there is need to
joint the length of fiber. The interconnection of fiber causes some loss of optical power.
Different techniques are used to interconnect fibers. A permanentfaable is referred
to asspliceand a temporary joint can be done with ¢banector.

1 The fraction of energy coupled from one fiber to other proportional to common mode
volume Mommon The fiberi to T fiber coupling efficiency is given ds

np = —commen é (4.1.1)

where,
Me is number of modes in fiber which launches power into next fiber.
1 The fiberi toT fiber coupling loss Eis given ag
Lr=-10logdr e(4.1.2)
Mechanical Misalignment

The diameter of fiber is few micrometer hence thieroscopic alignment is required. If the
radiation cone of emitting fiber does not match the acceptance cone of receiving fiber, radiation
loss takes place. The magnitude of radiation loss depends on the degree of misalignment. Different
types of mechana misalignments are shown in Fig. 4.1.1.
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% g
N ::fglra il Fiber - 1 7 ZT
misalignment
7 Fiber - 2
% 7
S —|
77 % % %
B) Longitudinal
misalignment
%

C) Angular
misalignment

Fig. 4.1.1 Mechanical misalignment between two fibers

1. Lateral misalignment
9 Lateral or axial misalignment occurs when the axes of two fibers are separated by distance
0do.
2. Longitudinal misalignment
1 Longitudinal misalignment occurs when fibdrave same axes but their end faces are
separated by distanéeS 6 .
3. Angular misalignment
1 Angular misalignment occurs when fiber axes and fiber end faces are no longer parallel.
There is an angl mcedd between fiber end
1 The axial or lateramisalignment is most common in practice causing considerable power
loss. The axial offset reduces the common core area of two fiber end faces as shown in Fig.
4.1.2.
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a~\§\\\T T——””a

d

Fig. 4.1.2 Axial offset of fibers

1 The optical power coupled is proportional to common area of two fdresd he
common area is given by expression

172

A = 2a’ acrnss%— d(a: —d—) é (4.1.3)

common n

where,
a is core radius of fiber.
d is separation of core axes.

1 The coupling efficiency for step index fiber is the ratio of common core area to the end
face area.

A

_ oommon
Netep = mal

291/2
Netap = — Eu:rt:rss%—i [1 - [i) ] é (4.1.4)

ma 2a

1 Forgraded index fiber, the total received power for axial misalignment is given by

172

P = f—TP{achssi— [1 — {i)z] 6%(5 — :ﬂi}} € (4.1.5)

where,
P is the power in emitting fiber.

When, d << a, the above expression reduces to
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Fiber Related Losses

9 Losses in fiber cables also causes due to differences in geometrifiakeand
characteristics.
These includes,
- Variation in corediameter.
- Core areallipticity.
- Numericalaperture.
- Refractivei index profile.
- Corecladdingconcentricity.

The user have less control over these variations since they are related to manufacturing
process.

1 Coupling loss when emitter fiber radiusand receiving fiber radiusas not same, is
given as

E

_ ar\”
Le(a) = 1ﬂl°g(uf) forag < ag 6 (4.1.7)
0 foragp = ag

where,
ae is emitter fiber radius.
ar is receiver fiber radius.

1 Coupling loss when numerical apertures of two fibers are not equal, to expregsed as

Nag (0)]2
L (N4) = {—Hllcrg L_Aj m}] , for NA, < NA_ & (4.18)
0, for NAg = NAg

1 Coupling loss when core refractive index of two fibers are not sameyriessecs

xg ':DC_E'F:}
g |::xR+2}’ fﬂ‘T‘ DCR{:DCE

0, for wgp=og

Le(x) =

—101
[ 8 é (4.1.9)

Fiber End i Face Preparation
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1 Before connecting or splicing fiber ends must be properly faced to avoid losses and to
improve the coupling efficiency. The end faces should be polished until attridiehes
are remoed and they beconsmooth.
1 For cleaving fibers controlled fracture technique is used. The process infodloesng
steps.
1. The fiber is scratched to create a stress concentrationsairfaee.
2. Fiber is then bent over a curved form with apptieasion to producstress
distribution.
3. Maximum stress occurs at scratch point and crack starts propagating tfibeugh
Fig. 4.1.4 shows the controlled fracture technique for preparingeitzer

Scoring blade

S EEEE—

Applied tension e o Applied tension

Fig. 4.1.3 Controlled fracture technique

Precaution

9 If the stress distribution is not propedgntrolled, fiber can fork into several cracks,
various types of defects can be introduced in the fiber, few of them are meiéraed

Sr. No. | Defect Type Description
1 i A sharp protrusion, that prevents the core from coming to clos
' P contact.
2. Roll off Roundingoff of the edge of fiber.
3. Chip A localized fracture.
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4. Hackle Irregularities across fiber end.

5. Mist Similar to hackle.

6. Step An abrupt change in end face surface.

7. Shattering Result ofuncontrolled fracture.
Fiber Splices

1 A permanent or semipermanent connection between two individual optical fibers is known
asfiber splice. And the process of joining two fibers is calledspbcing.

1 Typically, a splice is used outside theildings and connectors are used to join the cables
within the buildings. Splices offer lower attenuation and lower back reflection than
connectors and are less expensive.

Types of Splicing

1 There are two main types splicing
)] Fusionsplicing.
ii) Mechanicakplicing / Vgroove

Fusion Splicing

1 Fusion splicing involves butting two cleaned fiber end faces and heating them until they
melt together ofuse.

1 Fusion splicing is normally done with a fusion splicer that controls the alignment of the
two fibers to keep losses as low as 0.05 dB.

1 Fiber ends are first prealigned and butted together under a microscope with
micromanipulators. The butted joint is heated with electric arc or laser pulse to melt the
fiber ends so can be bonded together. Fig. 4oivs fusion splicing of opticéibers.
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Electric arc or laser

@ — /7
i L n, j /

Optical fibers
to be spliced

Micromanipulatable fiber holders

Fig. 4.2.1 Fusion splicing of optical fibers

Mechanical Splicing / V Groove

1 Mechanical splices join two fibers together by clamping them with a structure or by

epoxying the fibersogether.

1 Mechanical splices may have a slightly highersl@md back reflection. These can be

reduced by inserting index matchigel.

1 V groove mechanical splicing provides a temporary joint i.e fibers can be disassembled if

required. The fiber ends are butted together iniassWaped groove as shown in Fig. 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

1 The splice loss depends on fiber size aockntricity.

Sourceto-Fiber Power Launching

1 Optical output from a source is measured in radiance (B). Radiance is defined as the optical

power radiatedinto a solid angle per unit emitting surfacearea. Radianceis
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specified in Watts/cAiSteradian. Radiance is important for defining source to fiber
coupling efficiency.

Source Output Pattern

1 Spatial radiation pattern of source helps to determine the power accepting capability of
fiber.

1 Fig. 4.3.1 shows three dimensional sphericabidinate system for characterizing the
emission pattern from an optical source. Where the polar axis is normal to the emitting
surface and radiannce is a function of d an

Emitting area of source

Fig. 4.3.1 Dimensional spherical co-ordinate system

1 The Lambartian output byurface emitting LED is equally bright from any direction. The
emission pattern of Lambartian output is shown in Fig. 4.3.2 and its ouiput is

B(fdsBcos d
where,

Bo is the radiance along the normal to the radiating surface.
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Radiance B (6,0) in parallel plane
Radiance B (0,90°) in normal plane

Optical
source

Lateral output of laser diode

LED pattern

Fig. 4.3.2 Radiance pattern of Lambartian source

1 Both radiations in parallel and normal to the emitting plane are approximated by
expression

1 _ zin®§ cos"9
B(84H) Byeos'®  Bycosld

é (4.3.2)

where,
T and L are transverse and lateral power distribution coeffisi
Power Coupling Calculation

1 To calculate power coupling into the fiber, consider an optical source launched into the
fiber as shown in Figd.3.3.

Radiation pattern

,}/7/7/77) Ho L Cladding
2Nt/
< f// : ”
///%////////7 % : .
04/_/‘/// // ~  Cladding
Lost power

Fig. 4.3.3 Optical source coupled to fiber

1 Brightness of source is expressed as$(A)q

Where, Ais area okource.
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g sis solid emission angle of source.

The coupled power P can be calculated as
P= fﬁfdﬁs J, 49, B(A.0,)
P =L [ [ [7==B(8,0) sinb db do|de, rdr

The integral | imits are ar eoha.0f
H e r erdrasdahcremental emitting area.

91 Let the radius of surface emitting LEDriss and for
d, then

P = _]': f;ﬂ (21‘[ B, fﬁﬁm“ cosB sind dEI) df_ rdr
_ rg rIm ., g
P = Bﬁ-’ﬂfﬂ fu sin“8 0., d6_ rdr
_ rg pim 2
P=Bym[ [ NA’dO, rdr
Since NA = n,v2A

Power coupled to steg index fiver

1T For step i1 ndex f i beaandNWerefose LEDopowedimmsepd e nt

index fiberis,
P.zp. Step = m r} B, (NA)*

Poep, Step = 21°r]B, (n] 4)

1 Consider optical powersmitted from sourcearesA nt o hemB)sphere( 2’

P=A, [2" ['? B(8,0) sin6 d6 do

P =mri2nB, _Ir[:T’a: cosH sinf d6

P.=mn".rzBg

6 (4.3.3)

source and

L a rhjp=dBgcosi a n

é (4.3.4)

é (4.3.5)

é (4.3.6)
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1  When source radius «a, the fiber core radius, the LED output power is given from
equation(4.3.5).

P, Step = P_(NA)? é (4.3.7)

1 When g> a equation (4.3.9ecomes,

a\? ) 6 (4.3.8
Ppep,Step = (r_) P, (NA)? ( )

]

Power coupled to graded index fiber

1 In graded index fiber, thmmdex of refraction varies radially from fiber axis. Numerical
aperture for graded index fiber is giviep,

P, ep.Step = 27 B, furs [n2 (r)— ng]rdr

2 o ®
= 2 2 2 _ =
Pren.Step = 2u°r;Byni A {1 (a) J

a+2 6 (4.3.090)

Is source radius dris less than fiber core radius (a) i£<a, the power coupled from surface
emitting LED is given a$

1 For coupling maximum power to fiber, the refractive index of the medium separating
source and fiber must be same, otherwise there will be loss of power. The power couple is
reduced byactor,

"

R=(22) 6 (4.3.10)

n, +n

where,
n is the refractive index of medium.
n1is the refractive index of fiber core.

R is the Fresnel reflection or reflectivity.
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Lensing Schemes for Couplingmprovement

1 When When themitting area of the source is smaller than the core area of fiber, the power
coupling efficiency becomes poor. In order to improve the coupling efficiency miniature
lens is placed between source and fiber. Microlens magnifies the emitting area of source
equal to core area. The power coupled increases by a factor equal to magnification factor
of lens.

(See Fig. 4.4.1 on next page.)

1 Important types of lensing schemes are

Rounded endfiber.

Sphericall surfaced LED and Spherieahdedfiber.
Taper endediber.

Non imagingmicrosphere.

Cylindricallens,

Imagingsphere.

o g hrwDNE

Fig. 4.4.1 shows the lensing schemes.

1 There are some drawbacks of udiegs.
1. Complexityincreases.
2. Fabrication and handlingjfficulty.
3. Precise mechanical alignmenniseded.
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/
1. Rounded - end fiber w7 (

3. Taper - ended fiber

4. Non imaging micro - sphere

2. Spherical - surfaced LED
and spherical ended fiber

—
5. Cylindrical lens 7
L

6. Imaging sphere

L Al

Fig. 4.4.1 Lensing schemes

Equilibrium Numerical Aperture

1 The light source has a short fiber flylead attached to it to facilitate coupling the source to a
system fiber.

1 The low coupling loss, this flylead should be connected to system fiber with idéical
and core diameter. At this junction certain amount of optical power approximately 0.1 to 1
dB is lost, the exact loss depends on method of connecting. Also excess@ssroccurs
due to non propagating modes scattering ofibef.

1 The excess power loss is to be analyzed carefully in designing optical fiber system. This
excess loss is shown in terms of fiber numeiagadrture(NA).
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040 L

0.35

0.30

Numerical
aperture 0.25
(NA)

0.20

0.15

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

1 Numerical apetire at input light acceptance side is denoted by.N&hen light emitting
area LED is less than fiber core cr@gstional area then power coupled to the fiber is NA
= NAin.

1 If the optical powers of measured in long fiber lengths under equilibrium of sndue
effect of equilibrium numerical aperture NAs significant. Optical power at this point is
givenby,

Py = Py (M) é (4.5.1)

where,

Psois optical power in fiber at 50 m distance from launch NA.

1 The degree of mode coupling is mainly decided by taladding index difference. Most
optical fibers attain 8D 90 % at their equilibrium NA after 50 m. Hence N4 important
while calculating launched optical power in telecommunicatisiems.

LED to Fiber Coupling

1 The edgeemitting LED have Laser likeutput hence can launch sufficient optical power
for the data rates upto 560 Mb / sec over several kilometers. Also LEDs are cost effective
andreliable.

1 The LED to step index fiber coupling efficiency is givsn

y="n & (4.6.1)
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where,

Pin is optical power launched into fiber.

Psis total source output power.

U is directional coupling efficiency in parallel direction.

{ is directional coupling efficiency in perpendicular direction.

Laser Diode to FiberCoupling

1 The edge emitting diodes have emission pattern full width at half maximum (FWHM) at
307 5 in the plane perpendicular totave i area junction and an FWHM ofi510° in
plane parallel tgunction.

1 An angular output distribution of laser is greater than fiber acceptance angle laser emitting
area is much smaller than cressction of fiber core, spherical/cylindrical lensen te
used employed for improving coupliedficiency.

1 The coupling efficiency for a surface emitting LED as a function of emitting area diameter
for a fiber with NA = 0.20 and core radius a = 25 pm is shown indFigl.

100 A

Fiber : NA = 0.20

90" F Q=25pum

f

Coupling
efficiency Ly

(%)
10 +

0 S JREF TR v
Emitting area diameter (km) =m
Fig. 4.7.1 Coupling efficiency Vs emitting area diameter
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Fiber Connectors

1 Connectors are mechanisms or techniques used to join an optical fiber to another fiber or
to a fiber opticcomponent.

1 Different connectors with different characteristics, advantages and disadvantages and
performance parameters are availabletable connector is chosen as per the requirement
andcost.

1 Various fiber optic connectors from different manufactures are available SMA 906, ST,
Biconic, FC, D4, HMS10, SC, FDDI, ESCON, EC/RACE, LMT.

1 Three different types of connectors are used faneoting fiber optic cables. These are
1. Subscriber Channel (S€pnnector.

2. Straight Tip (ST)onnector.
3. MT-RJconnector.

1 SC connectors are general purpose connections. It hagplisype locking systentig.

4.8.1 shows SC connector.

Fig. 4.8.1 SC connector for fiber cable

1 ST connectors are most suited for networking devices. It is more reliable than SC
connector. ST connector has bayonet type locking system. Fig. 4.8.2 shows ST connectors.

Fig. 4.8.2 ST connector for fiber cable

1 MT-RJ connector is similar to RJ45 connector. Fig. 4.8.3 show&RkMIonnector.
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Fig. 4.8.3 MT-RJ connector for fiber cable.

Principles of Good Connector Design

1. Low couplingloss.

2. Inter-changeabilityr No variation is loss whenever a connector is appliediteea
3. Ease ofassembly.

4. Low environmental sensitivity.

5. Low costi The connector should be @xpensive also the tooling required fitting.
6. Reliableoperation.

7. Ease oftonnection.

8. Repeatability Connection and reconnection many times without an incredsgsin
Connector Types

1 Connectors use variety of techniques for coupling such as serebayonetnount, puch
pull configurations, butt joint and expanded beam fiber connectors.

Butt Joint Connectors

1 Fiber is epoxied into precision hole and ferrules are used for each fiber. The fibers are
secured in a precision alignment sleeve. jBuits are used for single mode as well as for
multimode fiber systems. Two commonly used {poittt alignment designs are
1. StraightSleeve.

2. TaperedSleeve/Biconical.

1 In straight sleeve mechanism, the length of the sleeve and guided feetdasines the
end separation of two fibers. Fig. 4.8.4 shows straight sleeve alignment mechanism of fiber
optic connectors.
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Alignment sleeve

Fiber _ | Guide ring

Ferrule

Fig. 4.8.4 Straight sleeve connector

1 In tapered sleeve or biconical connector mechanism, a tapered sleeve is used to
accommodate tapered ferrules eTfiber end separations are determined by sleeve length
and guide rings. Fig. 4.8.5 shows tapered sleeve dir@nectors.

Alignment sleeve

Ferrule

Fig. 4.8.5 Tapered sleeve connector

Installing Fiber Connectors

1 The method of attaching fiber optic connectors to optical fibers various among connector

types.Following are the basic steps for installing fibers

)] Cut the cable one inch longer than the required fini&agth.

ii) Carefully strip the outer jacket of the
exposed strength members and remove fibating.

iif) Thoroughly clean the bared fiber with isopropyl alcohol poured onto a soft, lint
free cloth such as kimvipes. Never clean the fiber withtidsge.

iv) The connector may be attached by applying epoxy aribying.

V) Anchor the cable strength members to thenepbody. This prevents direct stress
on thefiber.
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Vi) Prepare the fiber face to achieve a good optical finish by cleaning and polishing
the fiberend.

Connector Return Loss

1 At the connection point of optical link low reflectarlegels are desired since the optical
reflections can be source of unwanted feed back into the laser cavity. Due to this unwanted
feedback the optical frequency response may degrade, also it generates internal noise
within the source affecting overall systgerformance. Fig. 4.8.6 shows the connection

model.
High refractive - index
% /‘
Incident light > — % / > Transmitted light
Reflected light {;é/%

=] i i —a]

Fig. 4.8.6 Reflections from fiber end faces

1 The return loss for the indaxatched gap region is givéwy,

R, = —10Log {ER [1 — cos {“”;‘-d]]} é (4.8.1)

where,
D is the separation between fiber end.
ny is indexmatching matrial.

R is reflectivity constant.
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Recommended Questions

1. State the considerations for power coupling and power launching in a fibesygigm.

2. Derive the expression for power coupling to a step index fiber by a surface ehtfiiing

3. Derive the expression for power coupling tgraded index fiber by a surface emitting
LED.

4. Explain various types of misalignments in fiber cables.

5. Derive the expression for power received by fiber for arighlignment.

6. Give the expressions for various fiketatedlosses.

7. State the steps involved cleavingprocess

8. Explain controlled fracture techniquedéaving.

9. Define finer splicing. Explain different types gjblicing.

10. State the considerations for power coupling and power launching in a fibesygigm.

11. Derive the expression for power cding to a step index fiber by a surface emittirp.

12. Derive the expression for power coupling to a graded index fiber by a surface emitting
LED.

13. State the factors on which the power launching capability of soudependent.

14. What is lensing schemes? Waimple sketch show different lensing scheme. State the
drawback of lensing schemalso.

15. Explain equilibrium numericaperture.

16. Write note on laser diode to fibeoupling.

17. State the principles of good connedtesign.

18. List the steps involved in procesf installing fiber optic connectors.

Dept of ECE Pagel53



Optical Fiber Communicatic

UNIT -5
OPTICAL RECEIVER

Introduction, Optical Receiver Operation, receiver sensitivity, quantum limit, eye diagrams,
coherent detection, burst mode receiver operation, Analog receivers.

RECOMMENDED READINGS:

TEXT BOOKS:
1. Optical Fiber Communication i Gerd Keiser, # Ed., MGH,2008.

2. Optical Fiber Communications 1 John M. SeniorPearsonEducation. 3
Impression2007.

REFERENCE BOOK:

1.  Fiber optic communicationi Joseph C Palais!"£dition, Pearso&ducation.

Dept of ECE Pagel54



Optical Fiber Communicatic

Optical ReceiverDesign

1 An optical receiver system converts optical energy into electrical signal, amplify the
signal and process it. Therefore theortant blocks of optical receiver aseisfd
- Photodetector Frontend
- Amplifier / Liner channel
- Signal processing circuitry / Datacovery.

Amplifier

: Decision Data
A bhotodiode  |— circuit | 1 gutput
NN i !
! 1
\ Preampliﬁeri CLK _}
: recovery

| Voltage controll

i
1
i
]
|
i
i
i
i
i
I
-————————— Front end '

Linear channel ——————— Data recovery ——

Fig. 5.1.1 Optical receiver

1 Noise generated in receiver must be controlled precisely as it decides the lowest signal
level that can be dected and processed. Hence noise consideration is an important factor

in receiver design. Another important performance criteria of optical receiver is average
errorprobability.

Receiver Configuration

1 Configuration of typical optical receiver shown in Fig5.1.2.

i(t) i5(t)

Photodetector Amplifier

Equalizer

Fig. 5.1.2 Optical receiver configuration

1 Photodetector parameters
- PIN or APDtype
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- GanM=1

- Quantum efficiency

- Capacitanc€&y

- Dias resistancB,

- Thermal noise curreng (t) generated biRy.
1 Amplifier parameter$

- Input impendenc®,

- Shunt inputapacitance £

- Transconductancexd Amp/volts)

- Input noise currentit) because of thermal noise [&f

- Input noise voltage source @

1 Equalizer is frequency shapping filter used to mollify the effects of signal distarttn

ISI.
Expression for MeanOutput Current from Photodiode
Assumptions :

All noise sources are Gaussiarstatistics.

All nose sources are flat spectrum.

All noise sources are uncorrelated (statisticaltiependent).
Binary digital pulse train incident on photodector is fiveri by

= WP

P(t) = Z;=_.b,h (t—nT,)
Where,
P(t) is received optical power.
Ty is bit period.
bn is amplitude parameter representing nth message bit.
hp (t) is received pulse shape.

1 Attime t, the mean output current due to pulse train P(t) is

(G (9)= 2MPp(y

Where, M is gain of photodectector
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E is responsivity ophotodiode(H;)

1 Neglecting dark current, the mean output current is givén as

(i(9)) = Ro MEZ__.. b_h_ (t—nTy) 6 (5. 1.

1 Then mean outpwturrent is amplified, filtered to give mean voltage atdtigput.

Preamplifier Types

1 The bandwidth, BER, noise and sensitivity of optical receiver are determined by
preamplifier stage. Preamplifier circuit must be designed with the aim of optimizirey thes
characteristics.

1 Commonly used preamplifier in optical communication receiver are

1. Low i impedance preamplifi€L.Z)

2. High1 impedance preamplifi§HZ)

3. Transimpedance preamplifi€FZ)

1. Low i impedance preamplifier(LZ)

1 In low-impedancereamplifier, the photodiode is configured in lowmpedance
amplifier. The bias resister,is used to match the amplifier impedanceakng
with the input capacitance of amplifier decides the bandwidaémyifier.

1 Low 1 impedance preamplifier can operate over a wide bandwidth but they have
poor receiver sensitivity. Therefore the ldovimpedance amplifier are used where
sensitivity isof not primeconcern.

2. High i impedance preamplifier (HZ)

1 In highi impedance preamplifier the objective is to minimize the noise &lbm
sources. This can be achievediby
- Reducing input capacitance by selecting prajastices.
- Selecting detectors witloWw darkcurrents.
- Minimizing thermal noise of baisingsistors.
- Using high impedance amplifier with lar&s.
1 The high impedance amplifier uses FET or a BJT. As the high impedance circuit has
large RC time constant, the bandwidth is reduced.5=ig3 shows equivalenircuit
of high input impedancpre-amplifier.
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P R
ig(t) Cq § ¥

€

()

Photodetector
|~——-— with bias

resistor

Fig. 5.1.3 High - input impedance preamplifier

1 High-input impedance preamplifier are most sensitive and finds application ifi long

i
1
i
i
; —_—
i Ry iCi==
i
1
L
1

s AMPIIBE" e e s

equivalent ckt

—Vout

Equalizer
-

wavelength, long haul routes. The high sensitivity is due to the use of anbigth
resistance

combination of high resistance and receiver input capacitance, results in very low BW,

(typically

>

1

Maq) ,

whi ch

typically < 30 kHz, and this causes integration of the received signal.eatfitiating,
equalizing or compensation network at the receiver output corrects fortédgsation.
3. Transimpedance preamplifier(TZ)
1 The drawbacks of ghigh input impedance are eliminated in transimpedance
preamplifier. A negative feedback is introducedabfeedback resistor; B increase
the bandwidth of open loop preamplifier with an equivalent thermal nose cui(tent i

shunting the input. An equivalent circuit of transimpedance preamplifier is shown in

Fig.5.1.4.

e (t) = Equivalent series voltagmise source

ia(t) = Equivalent shunt current noise.

Rn=Ra€ G

Rs = Feedback resistor.

it (t) = Equivalent thermal noise current.
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—AMAN—
'Ry
I I~
1
l ' Cl ea(t)
Cq % ' a b
_ R ® i 3R h;
i(t b : it v
o o] | fa(t) out
i
T
Photodetector Amplifier X
}*‘ withblag —=————1" equivalent ckt Equalizer
resistor REe===

Fig. 5.1.4 Transimpedance preamplifier equivalent circuit

1 Although the resulting receiver is often not as sensitive as the integrating front end

design, thigype of preamplifier does not exhibit a high dynamic range and is usually
cheaper t@roduce.

High Impedance FET Amplifier

1 High input impedance preamplifier using FET is shown in if).5.

+V 4
Amplifier
o 1S Photodiode and % Vot
equalizer

in

Fig. 5.1.5 High input impedance preamplifier using FET

1 Basic noise sources in the circuit are
- Thermal noisassociated with FEEhannel.
- Thermal noise from load.
- Thermal noise from feedbacksistor.

- Shot noise due to gaideakage currer(gatd
- FET 1/fnoise.

Dept of ECE Pagel59



Optical Fiber Communicatic

1 As the amplifier input resistance is very high, the input current noise spectséi/den
Si is expressed ds

2kpT " ,
S],1"ET = RS + qugate ~ qugateT[ e (514)

Thermal noise associated with FET channel

1 The voltage noise spectral density is

5y = 21T é (5.1.5)

Em

where,

Om IS transconductance.

~

d i s c h afactore | noi se

1 Thermal noise characteristicequation is a very useftigure of merit for aeceiver
as it measures the noiseness of amplifier. The equation is reproducéd here

(2mc)®

4kpT 5
—E’+R—E)12+TSEIEB

_ 1
W= qu[s] +

Substituting S1 and SE, the equalizer output is then

_ 1 skgT |, 4kgTT 2nC 4kgTT
w= q“B(quE“E TR T gr:LRf;)I2 +( q ) e

Where, C =G+ Cys+ Cya+ Cs s (5.1.6)

1 If bias resistor Ris very large, so that the gate leakage current is very low. For this the
detector output signal is integrated amplifier input resistence. It is to be compensated
by differentiation in the equalizer. The integrationlifferentiation is known as high
input impedance epreamplifier design technique. However, the integration of receive
signal at the front end restricts the dynamic range of receiver. It may disrupt the biasing
levels and receiver may fail. To correct it the line coded data or AGC may be echploy
such receivers can have dynamic ranges in excess of 20 dB.

9 Of course, FET with highgis selected. For high data rates GaAs MESFET are
suitable while at lower frequencies silicon MOSFETs or JFEpaferred
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High ImpedanceBipolar Transistor Amplifier

1 High input impedance preamplifier using BJT is shown in %:if).6.

+V +V

Amplifier

- —— Vout

~Zin Equalizer

Fig. 5.1.6 High input impedance preamplifier using BJT

1 Input resistance of BJT is givenias

_ kgT

[N

in_q]BB (517)

Where,
Isg is base bias current.

1 Spectral density of input noise current source because shot noiseafuseent i$

51 = 2qlgg
2k 2
5 == ¢ (5.1.8)
1mn

1 Spectral height of noise voltage source is giveh as

ZkgT

Sg = é (5.1.9)

Em

Where, gm is transconductance.

_‘:l]c'_i

m I.{BT Rin

1 The performance of receiver is expressed by thermal noise characteristic e/ation
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w=q (s, +‘“‘E‘T ), +‘“C} S.1.B

Substituting R, S and S in characteristic equation.

_ T_h (2nc)*® m A
W= qzszT[I +2 4—ER5) +4 I, 6 (5.10.10)

Rl!’l Ta E

Where, B= L

If Rb>>Rn, t h ein thdexpiiessi®n reduces to

2kgT [Ty B41 2nC)® .
w=ZE [ BRy 4 TR € (5.1.11)

Transimpedance Amplifier

1 Anideal transimpedance preamplifmovides an output voltage which is directly
proportional to the input current and independent of course anihipadance.

1 A transimpednace amplifier is a higfain highimpedance amplifier with feedback
resistor Rf Fig. 5.1.7 shows a simple CE/CC. Sheatdback transimpedanceceiver.

+V

Rf
Fig. 5.1.7 CE/CC shunt feedback transimpedance receiver

Bandwidth (BW)

1 To find BW, the transfer function of néeedback amplifier and feedback amplifier is
compared. The transfer function of ntaedback amplifieis

AR

H)= o ra é (5.1.12)
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Where,

A is frequency independent gain of amplifier.

T

Now the transfer function of feedback (transimpedance) amplifier is

Hr = ¢ (5.1.13)
A

1 This yields the BW of transimpedanamplifier.

AR Z
Brz = xc é (5.1.14)

i.e. BW oftransimpedance amplifier is A times that of higipedance amplifier. Because of this
equalization becomes easy.

Characteristic equation

1 The thermal noise characteristic equation (W) is reducéd to

Ty 4kgT ,
Wyy = Wyz + q—h—B I é (5.1.5)

RJr =

Where,

Whz is noise characteristic of higlmpedance amplifier (nefeedback amplifier).

Thus thermal nose of transimpedance amplifier is sum of ooutput noise-tdediack
amplifier and noise associated with

Benefits of transimpedance amplifier

1.

Wide dynamicrange : As the BW of transimpedance preamplifier is high enough so that
no integration takes place and dynamic range can be set by maximum voltage swing at
preamplifieroutput.

No equalization required: Since combination of Rand R is very small hencthe time
constant of detector Emall.

Less susceptibe to external noiseThe output resistance is small hence the amplifier is
less susceptible to pick up noise, crosstalk, RFIEvid

Easy control : Transimpedance amplifiers have easy control oveoptration and is
stable.

Compensating network not required: Since integration of detected signal does not
occur, compensating network is megjuired.
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High Speed Circuit

1 Now fiber optic technology is widely employed flang-distance communication, LAN
and in telephone networks also because of improvement in overall performance, reliable
operation and cosiffectiveness.

1 Fiber optic link offers wide bandwidth to support high speed analog and digital
communication.

Because of advancement in technology minimized transmitters and receivers and
available in integrated circuits package.

ReceiverNoise

1 Inareceiver system errors arises because of noises and disturbances in the signal detection
system. Nae is an unwanted electric signal in signal processing. The noise sources can be
internal or external to the system. Only the internal sources of noise are conkatered

1 The nose is generated by spontaneous fluctuations of current and voltage (engisghot
thermal noise). When photons incident on the photodetector are random in nature, quantum
noise (shot noise) is generated. This noise is significant for both PIN and APD receivers.

9 Other sources of photodetector noise are from dark current andyéeakierent. These
noise can be reduced considerably by choosing proper components. Thermal noise is
generated from detector loagsistances.

T

Received
signal
level

Time ———»

Fig. 5.2.1 Pulse spreading in adjacent time slot

1 Intersymbol interference (ISI) also contributes to error which is causing from pulse
spreading. Because plilse spreading energy of a pulse spreads into neighbouring time
slots, results in an interfering signal. Fig. 5.2.1 shisvs
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T Energy in appropriate ti me sl oito iass 92s.h oTwhne i
the Fig.5.2.1.

Noise Mechanisms
Vouz (£) = vy, ()} + vy (t) e (5.2.1)
Where,
vn (t) is noise voltage.
Vout (t) IS mean output voltage.
The noise voltage can be expressetl as
v (t) = v3,.(t) + vi(t) + vi(t) + vi(t) é (5.2.2)
Where,
Vshot (t) is quantum or shot noise.
VR (t) is thermal or Johnson noise.
vi (1) is resulted by amplifier input noise current sousd®).i
Ve (1) is requested by amplifier input voltage noise sous¢t.e
1 The mean square noise voltage is expresséd as
() = (w20 () + (w3 () + {wF(B)) + (wi(2)) é (5.2.3)

i) Thermal noise of load resistor R :

-~ 4;'{1'- Cr B |
(vg(8)) = = ByoR7A7 é (5.2.4)
Where,
keT i s product of Boltzmannds constant and tem

A is amplifier gain.
BhaelS Noise equivalent BW.

i) Thermal noise due to amplifier input noise current sourcea (t) :
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{vfz (‘-Lj:" = 5;Bpas R*A?
Where,

S is the spectral density of amplifier input noise current source.

i) Thermal noise due to amplifier input noise voltage source:€t) :

(va(t)) = 5B, A*

Where,
St is the spectral density of amplifier noise voltage source.
Be is noise equivalent BW of amplifier.
iv) Mean square shot noise
(v2 ()= 2qli,{m*)B,  R*A*
Where,

(m®} is mean square avalanaain.

(i,} is photocurrent.

1 All constituents of mean square noise voltage are summaezed

4k, T )
R, B, _R’A

(w2(6)) =

(vE(t)) = 5,B,_R*A*
{(v2(t)) = 5 B.A°
(v30e (1)) = 2q{ig{m?}B, . R*A*

(vE) = (W2, () + (O + (w2 () + (wE (£))

ReceiverSensitivity

é (5.2.5)

é (5.2.6)
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1 To calculate optical receiver sensitivity, total noise in the receicaldsilated.
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Substituting these values and solving equation (5.2.3) gives

_ L _
Bbae - E_ IZB

and B, = I,B+ (2nC) *I;B3

Substituting these values and solving equation (5.2.3) gives

4k, T Sg
+S —|-—,,)L.B
Ry, Rz

(vy) = R?A? (Eq{iu}MHx‘F

+ (2nC) * A*S1;B?

(vi) = (qRAB)? (2qlip)M*™ T, I, + W)

_ 1 #kgT | Sg Inc®
Where, W—q53{51+ R +RJI:+ 5 SelsB

This equation is known as thermal noise characteristic of an optical receiver.

1 The optimum gain tachieve desired BER for receiver is giveni by

=

a2
pitx = W
opt
xQL,

mr
Assuming no | SI i .e. o =1
Where,
Q is parameter related so S/N ratio to achieve desired BER.
W is thermal noise characteristic of receiver. X is photodiode factor.
12 is normalized BW.
MeanSquare Input Noise Current
1 The mean square input noise current is givés as

(ig) = i3y + (&) + (i) + (i3)

i) Shot noise Current

é (5.3.1)

6 (5.

é $.3.3)

é (5.3.5)
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(iZ) = 2qli;}{m?)A°1, B
i) Thermal Noise

2 _ 4[{T 2
(iZ) = ﬁAI:B

i) Shunt Noise

(if} = 5,A’L,B
iv) Series Noise

(2) = s A2 []R—f ~ (EHCJZIEBE]
v) TotalNoise:

(ind = (i3 + GR) + () + (iE)

(i) = A*(2q(i,{m*)1,B + q*WB?) é (5.3.6)

() = [S]+:—Em}1312 + (2nC)?S.Bl, ¢ (5.3.7)

Example 5.3.1: An InGaAs PIN photodiode has the following parameters at a wavelength of
1300nm:p= 4 nA, .§g £¥0009¢q &nd the surface | eakage

incident optical power is 300 nW 85 dBm) an the receivéandwidth is 20 MHz. Find the
various nosie terms of the receiver.

Solution : Given :

2 = 1300 nm
Ip=4nA
d = 0.9

Rk= 1000q
Pincident= 300nW

B =20 MHz
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Mean square quantum noise current

[ [
_ |2Pincident _ [2Pincident N

I'; 1,‘ hw ﬂql he

[ —1 . — G - —
[(1.69 x107**3(300 x 107 *)(0.9)(1300 x 10~7)
M' (6626 x 1073433 = 108)

8 pa

12=2.23x10'" Amp é Ans.

q
Mean spark dark current
1} = 2eBI,
= 2(1.6 x 109 (20 x 16) (4 x 109
=0.256 x10'° Amp é Ans.

Mean square thermal noise current

3 _ 4kTE
I’& p—
Ry

Where B is Boltzman constant = 1.38 x220/K

T = (250+2730) = 298 K

L (1.38 »107%%) x (258) (20 x 10%)
£ 1000

= 3.28 x10® Amp é Ans.

Analog Receivers

1 Fiber optic transmission also supports analog links i.e. voice channels. The performance of
analog receiver is measured interms of S/N ratio (ratio of mean square signal current to
mean square noiseirrent).

1 The current generated at optical receiveabglog optical signal is given as

i (t) = H,MP.[14+ ms(t)]

i (t) = [,M[1 + ms(t)] é (5.4.1)

Where,
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R, is responsivity.
M is photodetector gain.
P is average received power.

lp is primaryphotocurren{= R,P,,
1 Meani square signal current at photodetectaglecting d.c. terns

(i2) = (Ro M, B.)?

@2 =3(M,1,)’ é (5.4.2)

1 For a photodiode detector mean noise current isafum
i) Mean square quantum noiserrent.

i) Equivalent resistance thermal no@erent.

iif) Dark noisecurrent.

iv) Surface leakage noiseirrent..

4 kgTE
RB

(i) = 2,(1, + I;)M*F(M)B+ 2, I, B+ F

T
q

Where,

Ip is primary photocurrent.

Ip is primary dark current.

I is surface leakagaurrent.

F (M) is photodiode noise factor.

B is effective noise BW.

Reqis equivalent resistance of photodetector and amplifier.
Ft is noise figure of baseband amplifier.

9 Signali to7 noise ratio (S/N ratio) is given &s

N if  4qE é (5.4.3)
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This limits the sensitivity of analog receiver.

S/N ratio for PIN and APD receiver as a function of received optical powsépbisn in
Fig. 5.4.1.

70 +

60 +

|

S/N ratio
(dB) 40 4+ APD PIN

30 +

20 +

0 t t ! t t t
-70 -60 -50 -40 -30 -20
Received power P, (dBm) mmd>

Fig. 5.4.1 S/N ratio for APD and PIN

Digital Receivers

1 The equalizer signal is compared with a threshold level to determine the presence of a
pulse. The comparison is done on time bkxis.

Probability of Error

1 Biterror rate (BER) is defined as the ratio of numieerrors occurring over a time
interval to the number of pulses transmitted duringntesval.

_Ne .
BER_Nt é (5.5.1)
BER = ~¢ 8 (5.5.2

=4 e (6.5.2)

Where,
Ne is number of errors occurring during the interval.

Nt is number of pulses transmitted during the interval.

. . 1 ..
B is bit rate(ﬁj or pulse transmissiorate.
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Y BER for optical fiber communication system is ranging betweeht®010'2. BER of
receiver depends on S/N ratio. To compute the BER at receiver probability distribution of
output signal isonsidered.

1 Condiitonal PDF : P(y/x) is the probability that the output voltage is y when x was
transmitted. The functions p (y/1) and p (y/0) are conditional PDF as shown T3-ig.

=4
Threshold

Fig. 5.5.1 Probability distribution of received 1 and 0
1 The probability distributions are givenias

P,(v) =] _p(y/1)dy
It is the probability thatoutpt v ol tage is | ess than threshol d

Py(v) = [ p(y/1) dy
It is the probability that output voltage exc
The error probability is expressed as

P,=aP(v)+bPE (v) é (5.5.3)

Where,

a and b are probabilities theither 1 or O occurs.

Where,
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V is the pulse amplitude.
G is standard deviation (measure of width of probabilisgribution)
Quantum Limit

T For an ideal photodetector havi mcgrequeant um
no output when light is absent) then the minimum received power for a specifierlot
rate is known as Quantulimit.

T Let an optical pul se of energy E is incide
probability of emitting zer@lectrons during the interval

P, (0)=e™ € (5.5.5)
Where,

XXXX is average number of electrénhole pairs.

Example 5.5.1: A digital fiber link operating at 850 nm requires a BER of.10alculate the
guantumlimit in terms of quantum efficiency.

Solutions: > = 850 nmMm= 850 x 10
BER =10°
Probability of error

P.(0)=e™ =10

\ N=9Ini0
N =207
No.ofelectroi hol e paid generated (XXXX), quantum ef

energy received (E) are related by,

__nE
hy

\ E=N.2
n
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5=zﬂ.?x%

Comparison of Receiver Performance

Parameter PIN Detecor APD Detector
Preamplifier noise level (% 10%°to 108 10%°to 10%8
Digital receiver sensitivity (dBm) | -34.21 t0-49.21 -51.00 to-51.65
Analog receiver S/N (dBm) 13.00 t037.78 34.36 to 38.27

Review Questions

1. In an optical receiver explain the sourcegwbrs.

2. Deduce the expression for mean output current fshotodiode.

3. For a digital optical receiver find the expression of probabilitgrodr.

4. Find theexpression for mean square noise voltage for optical receiver. University

Questions
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UNIT -6
ANALOG AND DIGITAL LINKS

Analog links i Introduction, overview of analog links, CNR, multichannel transmission
techniques, RF over fiber, kdéipk parameters, Radio over fiber links, microwave photonics.

Digital links 7 Introduction, poirittoi point links, System considerations, link power budget,
resistive budget, short wave length band, transmission distance for single mode fibers, Power
pendties, nodal noise and chirping.

RECOMMENDED READINGS:

TEXT BOOKS:
1. Optical Fiber Communication i Gerd Keiser, # Ed., MGH,2008.

2. Optical Fiber Communications 1 John M. SeniorPearsonEducation. 3
Impression2007.

REFERENCE BOOK:

1.  Fiber optic communicationi Joseph C Palais!"£dition, Pearsoi&ducation.
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Analog Links Overview of
Analog Links

1 Elements of analog linkare,
i) Opticaltransmitter.

i) Fiberchannel.

iif) Opticalamplifier.

iv) Opticaldetector.

i i Electrical
Electrical Light o Aroifise
Input source Output
Optical Fiber Optical Optical
transmitter channel amplifier detector

Fig. 6.1.1 Analog link elements

1 The incoming information signal, speech, music video etc. is used to control the power
output from the LED or the laser. The light output is as near as possible, a true copy of the
electrical variations at the input. At the far end of the filleg receiver converts the light
back to electrical pulses which is the true replica of ismrtal.

1 Any nonlinearity either in transmitter or receiver will affect the accuracy of the
transmission or reception of signal.

1 The other problem is noise. Se¢he receiver received an analog signal, it must be
sensitive to any changes in amplitude. Any random fluctuations in light level caused by
light source, the fiber at the receiver will cause unwanted noise in the eigpait

1 Electrical noise due to ligening will give rise to electrical noise in the Afilver parts of
thesystem.

1 Asthe signal travels along the fiber, it is attenuated. To restore signal amplitude, amplifiers
(repeaters) are added at regular intervals. The repeater has a limitedabglityice noise
and distortiorpresent.

Carrier 7 to1 Noise Ratio (CNR)

9 Carrieri to7 Noise Ratio (CNR) is defined as the ratio of r.m.s. carrier power to r.m.s.
noise power at the receiver.

1 CNR requirement can be relaxed by changingribdulation format from AM to FM. The
BW of FM carrieris considerablytarger(30 MHz in placeof 4 MHz). Therequired
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CNR for FM receiver is much lower (16 dB compared to 50 dB in AM) because of FM
advantage. As a result, the optipalver needed at the receiver can be small as 10 uW. But
the receiver noise of FM system is generally dominated by the thermal noise.
1 The important signal impairments includes
- Laser intensity noisBuctuations.
- Laser clippingnoise.
- Photodectercotnoise
- Optical Amplifier Noise (ASEoise).
- Harmonicnoise.
- Intermodulaitomoise.
- Shot noise.

Carrier Power

1 To calculate carrier power signal generated by optical source is considered. The optical
source is a square law device and current flowhngugh optical source is sum of fixed
bias current and a time varying current (analiogal).

1 If the timevarying analog drive signal is s(t), then the instantaneous optical output
power is giverby,

P(t) = B[1+ms(t)] é (6.1.1)
where

Pt is optical output power at bias level,

. . . P eak
M is modulationindex= [—%}

1 The received carrier power C is giviey,
¢ =2(m Ry MP)? é (6.1.2)
where,
H, is responsivity ophotodetector.

M is gain ofphotodetector.
P is average received optical power.

Photodetector and Preamplifier Noises
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1 Photodetector noise is givéy,

(if) = 2q (1, + 1) M* F(M)B

where,

|, is primaryphotocurren(= R,P).

Ip is detector dark current.
M is gain of photodetector.
F(M) is noise figure.

B is bandwidth.

1 Preamplifier noise is gively,

.2 4kp T
(i7) = 2—.BF,
eq

where,
Reqis equivalent resistance.
Ft is noise factor of preamplifier.

Relative Intensity Noise (RIN)

6 (6.1.3)

6 (6.1.4)

1 The output of a semiconductor laser exhibits fluctuations in its intensity, phase and

frequency even when the laser is biased at a constant current with negligible current
fluctuations. Thewo fundamental noise mechanisare

)} Spontaneous emissi@amd

i) Electronhole recombination (shot noise).

Noise in semiconductor lasers is dominated by spontaneous emission. Each spontaneously
emitted photon adds to the coherent field a small field component whose phase is random,
and thus deviate both amplitude and phase in random manner. The noise rigsuitihg

random intensity fluctuations is calldgelative Intensity Noise (RIN) The resulting
meansquare noise current is givbwy,

(i) = RIN (R,P)B é (6.1.5)
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1 RIN is measured in dB/Hz. Its typical value DFB Lasers is ranging #i58 to-158
dB/Hz.

Reflection Effects on RIN

1 The optical reflections generated within the systems are to be minimized. The reflected
signals increases the RIN by 1@0 dB. Fig. 6.1.2 shows the effect on RIN due to change
in feedback poweratio.

-120 +

RIN — 140 T
(dB/Hz)

-160

Feedback power ratio E=l>

Fig. 6.1.2 Feedback power ratio (dB)

1 The feedback power ratie the amount of optical power reflected back to the light output
from source. The feedback power ratio must be less-@@adB to maintain RIN value less
than-140dB/Hz.

Limiting Conditions

1 When optical power level at receiver is low, the preamplif@se dominates the system
noise.

The quantum noise of photodetector also dominates the sgsteen

The reflection noise also dominates the systeige.

The carriefto-noise ratio for all three limiting conditions are showtsilbe.

Fig. 6.1.3shows carriero-noise ratio as a function of optical power level at the receiver
with limiting factors. For low light levels, thermal noise is limiting factor causes 2 dB roll
of in C/N for each 1 dB drop in received power. At intermediate levels, guambise is
limiting, factor causing 1 dB drop in C/N for every 1 dB decrease in received optical power.
At high received power source noise is dominator factor gives a co@#kant

= =4 4 A
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Reflection noise limit 3

58

CIN
(dB)

C/N ratio

-4 -8 -12 -16 -18
Received optical power (dBm) e=P>

Fig. 6.1.3 C/N ratio as a function of received optical power

Multichannel Transmission Techniques

1 Multiplexing technique is used to transmit multiple analog signals over the same higher
capacity fibercable.

1 Number of baseband signals are superimposed on a set ofddusi#y of frequencies,f
fo,faé f N.

1 Channel or signal multiplexing can be donghie time or frequency domain through Time
Division Multiplexing (TDM) and Frequency Division Multiplexing (FDM). The methods
of multiplexing includes Vestigial Sideband Amplitude Modulation (VSH), frequency
Modulation (FM) and SulCarrier Multiplexing(SCM). All the schemes have different
advantages andisadvantages.

Multichannel Amplitude Modulation

1 In some applications the bit rate of each channel is relatively low but the number of
channels are quite large. Typical example of samplication is cable television (CATV).
Fig. 6.1.4 shows the technique for combining N independent channels. Different channel
information are amplitude modulated on different caffriequencies.

Optical
Composite fiber
i ey FDM signal — f;
|
—» f.
: Band f2
Modulated | Optical Optical 5
carrier 1 transmitter receiver pass ™ f,4
! filters i
. 3 ]
i7e L 1y
Power
combiner

Fig. 6.1.4 Multichannel AM
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1 Power combiner sums all amplitude modethtarriers producing a composite FDM. The
composite FDM signal is used to modulate the intensity of semiconductor laser directly by
adding it to the bias current. At optical receiver, a bank of bandpass filters separates the
individual carriers.

1 Optical nodulation index m is givehy

m = (ZX, m?)
where,
N is no. of channels
mi is per channel modulation index

1 Since the laser diode is a nbmear device and when multiple carrier frequencies pass
through such device, the analog signal is distorted duritigaitsmission, the distortion is
referred to as intermodulation distortion (IMD). The IMD causes undersirable signals to
produce called intermodulation product (IMP). The new frequencies (IMPs) are further
classifiedas
- Two-tone IMPs and
- Triple-beatiIMPs.

The classification is depending on whether two frequencies coinside or all three
frequencies are distinct.

1 The triplebear IMPs tend to be a major source of distortion because of their large number.
An N-channel system generates Ni(M) (N1 2)/2 triplebeat terms compared with N (N
T 1) twotone terms. Depending on channel carrier spacing some of Imps fall within the
bandwidth of a specific channel and affect the signal recovery. This is called as beat
stacking.

1 The beat stacking resuh two types of distortions, which adds power for all IMPs that fall
within the passband of a specific channel, these distori@ns
)} Composite Second Order (CSand
i) Composite Triple BegiCTB)

Peal carrier power
Cs50 =

Peack power in composite 2"order IM tone

Peal carrier power

CTB = - - 3
Peack power in composite 3™ order IM tone
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1 CSO and CTB are used tiescribe the performance of multichannel An links. CSO and
CTD are expressed i ndedoBsnonnalizatios with respecttethedé ¢ 6 i
carrier power. Typically, CSO and CTB distortion values shoud be bel6@ dB: for
negligible impact onhe system performance. Both CSO and CTB increases rapidly with
increase in modulatiomdex.

Multichannel Frequency Modulation

1 The CNR requirement can be relaxed by changing the modulation format from AM to FM.
The BW of FM carrier iconsiderably larger (30 MHz in place of 4 MHz). This results in
S/N ratio improvement over C/htio.

1 S/N ratio at the output of FM detector.is

(3),..= (), + 10108 [ () T+

out - in

where,
B is required bandwidth.
P fpis peak to peak frequency deviation of modulator.
fvis highest vide frequency.
W is weighing factor for white noise.
1 The total S/N improvement is ranging betweeri3aiB.
Sub-Carrier Multiplexing (SCM)

1 SubCarrier Multiplexing (SCM) is employed in microwave engineering in which multiple
microwave carriers faransmission of multiple channels are used. If the microwave signal
Is transmitted optically by using optical fibers, the signal bandwidth can be exceeded up to
10 GHz for a single optical carrier. Such a scheme is referred to as SCM. Since
multiplexing isdone by using microwave swarrier rather than the optical carrier.

1 The input can be analog or digital baseband signal. The input signals are modulated sub
carriers are then combined to give FDM signal. The FDM signals are then combined in
microwave corhiner. The combine signal is then modulates the intensity of semiconductor
laser by adding it to bias current. Fig. 6.1.5 showsatiengement.
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s, Channel - 1 -
S, Channel - 2 -

Laser Fiber channel

driver '
Laser diode — Optical

SN SCN receiver

Microwave
combiner

Fig. 6.1.5 Sub-carrier multiplexing

1 The received optical signal is then passed through low noise pin photodetector to convert
it to originalsignal.

Advantages of SCM

1. Wide bandwidth.

2. Flexibility and upgradability in design of broadbametworks.

3. Analog or digital modulation or combination of two for transmitting multiple voice, data
and video signals to large numberskrs.

4. Both AM and FM techniques can be usedS@&M.

A combination of SCM and WDM can realize DW uptiHz.

6. SCM technique is also being explored for network management and performance
monitoring.

o

Digital Links
System Design Considerations

1 In optical system design major consideration involves
- Transmission characteristics of fiber (attenuatiodigpersion).
- Information transfer capability diber.
- Terminal equipment &chnology.
- Distance otransmission.
1 Inlong-haul communicatiompplications repeaters are inserted at regular intervals as
shown in Fig6.2.1
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Power feed

Terminal Terminal
equipment equipment

I~
~

-
1

Repeater Optical

Repeater i

b~
e
-1

Fig. 6.2.1 Repeaters in long-haul communication system

1 Repeater regenerates the original data before it is retransmitted as a digital optical signal.
The cost of system and complexity increases becatsstallation ofrepeaters.
1 An optical communication system should have following basic required specifications
a) Transmission type (Analogdigital).
b) System fidelity (SNR BER)
¢) Required transmissidmandwidth
d) Acceptable repeatspacing
e) Cost ofsystem
f) Reliability
g) Cost ofmaintenance.

Multiplexing

1 Multiplexing of several signals on a single fiber increases information transfer rate of
communication link. In Time Division Multiplexing (TDM) pulses from multiple channels
are interleaved and trangted sequentially, it enhance the bandwidth utilization of a single
fiber link.

1 In Frequency Division Multiplexing (FDM) the optical channel bandwidth is divided inot
various nonoverlapping frequency bands and each signal is assigned one of these bands of
frequencies. By suitable filtering the combined FDM signal careteved.

1 When number of optical sources operating at different wavelengths are to be sent on single
fiber link Wavelength Division Multiplexing (WDM) is used. At receiver end, the
separabn or extraction of optical signal is performed by optical filters (interference filters,
differaction filters prism filters).

1 Another technique called Space Division Multiplexing (SDM) used separate fiber within
fiber bundle for each signal channel. SDpfovides better optical isolation which
eliminates crossoupling between channels. But this technique requires huge number of
optical components (fiber, connector, sources, detectors etc) therefore notusitkly
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SystemArchitecture

1 From architecture point of view fiber optic communication can be classified into three
major categories.
1. Pointi toi pointlinks
2. Distributednetworks
3. Local areanetworks.

Point-to-Point Links

1 A pointto-point link comprises of one transteit and a receiver system. This is the
simplest form of optical communication link and it sets the basis for examining complex
optical communicatioifinks.

1 For analyzing the performance of any link following important aspects are to be
considered.

a) Distanceof transmission
b) Channel dataate
c) Bit-errorrate
1 All above parameters of transmission link are associated with the characteristics of various

devices employed in the link. Important components and their characteristics are listed
below.

Transmitter _—_Q— Regenerator Q Regenerator Q Receiver

Fig. 6.2.2 Point-to-point fiber links

1 When thelink length extends between 20 to 100 km, losses associated with fiber cable
increases. In order to compensate the losses optical amplifier and regenerators are used
over the span of fiber cable. A regenerator is a receiver and transmitter pair whitt detec
incoming optical signal, recovers the bit stream electrically and again convert back into
optical from by modulating an optical source. An optical amplifier amplify the optical bit
stream without converting it into electridatm.

1 The spacing betweewo repeater or optical amplifier is called as repeater spacing (L). The

repeater spacing L depends on bit rate B. The bidiatance product (BL) is a measure

of system performance for poitg-pointlinks.

Two important analysis for deciding performaraf any fiber link aré

Link power budget / Powdyudget

) Rise time budget / Bandwiditiudget

= _=a
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1 The Link power budget analysis is used to determine whether the receiver has sufficient
power to achieve the desired signal quality. poeer at receiver is the transmitted power
minus linklosses.

1 The components in the link must be switched fast enough and the fiber dispersion must be
low enough to meet the bandwidth requirements of the application. Adequate bandwidth
for a system can basssured by developing a rise timelget.

System Consideration

1 Before selecting suitable components, the operating wavelength for the system is decided.
The operating wavelength selection depends on the distance and attenuation. For shorter
distance, th&00-900 nm region is preferred but for longer distance 100 or 1550 nm region
is preferred due to lower attenuations drgpersion.

1 The next step is selection of photodetector. While selecting a photodetector following
factors are consideréd
i) Minimum optical power that must fall on photodetector to satisfy BER at specified

datarate.
i) Complexity ofcircuit.
iif) Cost ofdesign.
iv) Biasrequirements.

1 Next step in system consideration is choosing a proper optical source, important factors
to consider aré
i) Signaldispersion.

i) Datarate.

iil) Transmissiordistance.
iv) Cost.

v) Optical power coupling.
vi) Circuit complexity.

1 The last factor in system consideration is to selection of optical fiber between single mode
and multimode fiber with step or graded index fild@her selection depends on type of
optical source and tolerable dispersion. Some important factors for selection of fiber are
) Numerical Aperture (NA), as NA increases, the fiber coupled power increases also the

dispersion.
i) Attenuationcharacteristics.
i) Environmental induced losses e.g. due to temperature variation, moisture and dust etc.
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Link Power Budget

1 For optiming link power budget an optical power loss model is to be studied as shown in
Fig. 6.2.3. Letddenotes the losses occurcannector.
Lspdenotes the losses occur at splices.
U denotes the losses occur in fiber.

Splices Splices

Connector/l i
===l
. O T Of -r Kr O Of

l [sp lsp ISD 'sp

c Receiver

Connector

N |

~ ol

Transmitter

Fig. 6.2.3 Optical power loss model

1 All the losses from source to detector comprises the total lesa(Bhesystem.

1 Link power margin considers the losses due to component aging and temperature
fluctuations. Usually a link margin of® dB is considered while estimating link power
budget.

1 Total optical loss = Connector loss + (Splicing loss + Fiber attenuation) + System margin
(Pm)

Pr=2+ L3 System margin (P

where, L istransmission distance.

Example 6.2.1: Design as optical fiber link for transmitting 15 Mb/sec of data for a distance of
4 km with BER 0f10°.

Solution :
Bandwidth x Length = 15 Mb/sec x 4 km = (60 Mb/sec) km

Selecting optical source LED at 820 nm isuitable for short distances. The LED generates
10 dBm opticapower.

Selecting optical detector. PIN-FER optical detector is reliable and hias0 dBm sensitivity.
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Selection optical fiber: Stepindex multimode fiber is selected. Thibdr has bandwidth length
product of 100 (Mb/s) km.

Links power budget :
Assuming :
Splicing lossd= 0.5 dB/slice
Connector lossF 1.5 dB
System link powr margin# 8 dB
Fiber aticédBkmti on U
Actual total loss = (2 x)  rt + Bh
Pr=(2x15)+(6x4)+8
Pr=35dB
Maximum allowable system loss :
Pmax= Optical source output powewptical receiver sensitivity
Pmax=-10 dBmi (-50 dBm)
Pmax=40 dBm

Since actual losses the system are less than the allowable loss, hence the system is functional.

Example 6.2.2: A transmitter has an output power of 0.1 mW. It is used with a fiber having NA
= 0.25, attenuation of 6 dB/km and length 0.5 km. The link contains two connettdrdB
average loss. The receiver has a minimum acceptable power (sensitivity35odBm. The
designer has allowed a 4 dB margin. Calculate the link power budget.

Solution :
Source power £ 0.1mW
Ps=-10dBm

Since NA =0.25
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\ Coupling loss =10log(NA?)
=-10log(0.2%)
=12dB

Fiber tkloss = U
lf = (6dB/km) (0.5km)
lr=3dB

Connector loss = 2 (2 dB)

lc=4dB
Design margin R= 4 dB
\ Actual output power Pout = Sourcepowdr £ Los s es)
Pout=10dBmi [12 dB + 3 + 4 ]
Pout=-33 dBm
Since receiver sensitivity giveniis35 dBm.
Pmin =-35dBm
As Pout > Pnin, the system will perform adequately over the system operating life.

Example 6.2.3 : In a fiber link the laser diode output powerdBrh, sourcdiber coupling loss

= 3 dB, connector loss of 2 dB and has 50 splices of 0.1 dB loss. Fiber attenuation loss for 100 km
is 25 dB, compute the loss margin for i) APD receiver with sensitiMtydBm ii) Hybrid PINFET

high impedance receiveritlr sensitivity-32 dBm.

Solution : Power budget calculations

Source output power 5dBm
Source fiber coupling loss 3dB
Connector loss 2dB
Connector loss 5dB
Fiber attenuation 25 dB
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Totalloss 35dB
Available power taeceiver : (5 dBm 35 dBm)i 30 dBm

)] APD receiver sensitivity 40dBm
Loss margin{407 (- 30)] 10dBm

ii) H-PIN FET highOimpedance receiv&2 dBm
Loss margin{3271 (- 30)] 2dBm

Rise Time Budget

1 Rise time gives important information fmitial system design. Riséme budget analysis
determines the dispersion limitation of an optical fiber link.

1 Total rise time of a fiber link is the rosumsquare of rise time of each contributor to the
pulse rise tima@egradation.

[
Ceye Zﬂlta +Trzz +t123 + -

1 The link componets must be switched fast enough and the fiber dispersion must be low
enough to meet the bandwidth requirements of the application adequate bandwidth for a
system can be assured by developing a riseliumget.

1 As the light sources and detectors héigite response time to inputs. The device does not
turn-on or turnoff instantaneously. Rise time and fall time determines the overall response
time and hence the resultibgndwidth.

1 Connectors, couplers and splices do not affect system speed, theyohéedaccounted
in rise time budget but they appear in the link power budget. Four basic elements that
contributes to the riseme are,
Transmitter risdime (ttx)
Group Velocity Dispersion (GVD) rise time (tGVD)
Modal dispersion rise time of fiber (tmpd

1 Receiver rise timérx)

toe = [B + 20y + 8 + &

1 Rise time due to modal dispersion is giasn
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440 440Lg
B}i - BD

Lrod =

where,
Bwm is bandwidth (MHz)
L is length of fiber (km)
g is a parameter ranging between 0.5 and 1.
Bo is bandwidth of 1 km length fiber,
1 Rise time due to group velocity dispersien
teyp = Do} L
where,
D is dispersion [ns/(nm.km)]
Fois halfpower spectral width of source
L is length of fiber

M Receiver front end riseme in nanoseconds

where,
Bix is 3 dBi bW of receiver (MHz).

1 Equation (6.2.1) can be writters

Loy = [chx + 1—2mu:l + 1*25'»1:3 + fo]ﬂ:

é (6.2.3)

1/2

2
440 L 350
tay = [ﬁ( + ( q) +D%e?L + (—) ]
HIZI Bn{

é (6.2.4)

é (6.2.5)
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Al | times are in naénoseconds.

1 The systenbandwidth is givery

BW = 222 6 (6
Tays
Example 6.2.4: For a multimode fiber following parameters are recorded.
i) LED with drive circuit has rise time of 1.
ii) LED spectral width = 40 nm
iif) Material dispersion related rise time degradation
21 ns over 6 knhink.
iv) Receiver bandwidth = 239Hz
V) Modal dispersion rise time = 3r&ec

Calculate system rise time.
Solution: tw = 15 nsec
tTmat = 21 nseC

tmod = 3.9Nnsec

. 350
Now " B
350
\ bex =55
\ tp = 14 nsec
Since . 1/2

(5

tope = [15% + 217 +3.97 + 147]1/2
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toye = 29.61 nsec é Ans

Example 6.2.5: A fiber link has following data

Component BW Rise time (tr)
Transmitter 200MHXxz 1.75 nsec
LED (850 nm) 100 MHz 3.50 nsec
Fiber cable 90 MHz 3.89 nsec
PIN detector 350 MHz 1.00 nsec
Receiver 180 MHz 1.94 nsec

Compute thesystem rise time and bandwidth.

Solution : System rise time is given by

ct,y. =+ (1.75%7 + 3.52 4+ 3.89% + 1.00% + 1.94?)

SN

teye = 5.93 nsec € Ans.

System BW is given by

0.35

BEW =

Ea i

0.35
5.93 neac

BEW =

EW =59MH:=z € Ans.
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Line coding in optical lilnks

1 Line coding or channel coding is a procesaménging the signal symbols in a specific
pattern. Line coding introduces redundancy into the data stream for minimizimg.
1 In optical fiber communication, three types of line codesuaed.
Non-returnto-zero(NRZ)
Returnto-zero (R2)
Phaseencoded (PE)

Desirable Properties of Line Codes

The line code should contain timing information.
The line code must be immune to channel noise and interference.
The line code should allow error detection and correction.

NRZ Codes

9 Different types of NRZ codes are introduced to suit the variety of transmission
requirements. The simplest form of NRZ code is NBZI. It is a unpolar code i.e. the
waveform is simple owff type.

1T When symbol 6l 6 is to be tr dforsfullibit pereod. , t he
Whenasymbol6 0isito be transmitted the signalhaszerovolts for full bit period.Fig.

6.2.4 shows example of NRZdata pattern.
T A P | ¢ e e R e e S B LR (G S (¢ S

ON

OFF

4
Bit - Period
Fig. 6.2.4 NRZ-level data pattern

Features of NRZ codes

Simple to generate and decode.

No timing (selfclocking)information.

No error monitoring or correcting capabilities.
NRZ coding needs minimum BW.
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RZ Codes

In unipolar RZ data pattern abit is represented by a hagderiod in either first or second
half of the bitperiod. A 0O bit isrepresented by zero volts during the bit period. Fig. 6.2.5
shows RZ data pattern.

[sz05 = 51

0 i i |l

!
i

by o

Fig. 6.2.5 RZ unipolar codes

ON

#

OFF

Features of RZ codes

The signal transition during highit period provides the timing information.
Long strings of 0 bits can cause loss of timing synchronization.

Error Correction

The data transmission reliability of a communication system can be improved by
incorporating any of the two schemes Automatic Repeat Request (ARQ) and Forward Error
Correction (FEC).

In ARQ scheme, the information word is coded with adequdtendant bits so as to enable
detection of errors at the receiving end. It an error is detected, the receiver asks the sender
to retransmit the particular information word.

Each retransmission adds one round trip time of latency. Therefore ARQ techniues ar
not used where low latency is desirable. Fig. 6.2.6 shows the scheme of ARQ error
correction scheme.

Information

source ; — ;
o 1° ] Transmit M Encorder [ Transmission channel ¥ Decoder Receiver
controller V] controller

] Feedback channel

Fig. 6.2.6 ARQ scheme

Forward Error Correction (FEC) system adds redundant information with the original
information to be transmitted. The error or lost data is used reeaotesl by using
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redundant bit. Since the redundant bits to be added are small hence much additional BW is
not required.

Most common error correcting codes are cyclic codes. Whenever highest level of data
integrity andconfidentiality is needed FEC is considered.

Sources of Power Penalty

Optical receiver sensitivity is affected due to several factors combinely e.g. fiber
dispersion, SNR. Few major causes that degrade receiver sensitivityreréal noise,
dispersive plse broadening, mode partition noise, frequency chirping, reflection feedback
noise.

Modal Noise

In multimode fibers, there is interference among various propagating modes which results
in fluctuation in received power. These fluctuations are called nmudsé. Modal noise is

more serious with semiconductasers.

Fig. 6.2.7 shows power penalty at

Power peéialty (dB)

: i % %
2 4 6 8 10
Mode selective loss (dB)

Fig. 6.2.7
BER = 10'?

& = 1.3 Om

B = 140 mb/sec.

Fiber : GRIN (50 um)
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Dispersive Pulse Broadening

Receiver sensitivity is degraded by Grodglocity Dispersion (GVD). It limits the bit

rate distance product (BL) by broadening optical pulse.

Inter symbol interference exists due to spreading of pulse energy. Also, decrease in pulse
energy reduces SNR at detector circuit.

Fig. 6.2.8 shows dispgioni nduc e d

Power
penalg (dB)

5

s

Il

power penaltys.of Gaussi

T !
T T
0.05 0.1

{ T {
015 02 0.25

Dispersion parameter (BLD 6, =

Fig. 6.2.8 Dispersion-induced power penaity

Mode Partition Noise (MPN)

In multimode fiber various longitudinal modes fluctuate eventhough intensity remains
constant. This creates Mode Partition Noise (MPN). As a result all modes are
unsyntironized and creates additional fluctuations and reduces SNR at detector circuit.

A power penalty is paid to improve SNR for achieving desired BER. Fig. 6.2.9 shows
power penalty at BER of 0a s a
for different values of mode partition coefficient (K). (See Fig. 6.2.9 on next page.)

Frequency Chirping

functi

on of nor mal bzed di

The change in carrier frequency due to change in refractive index is called frequency
chirping. Because of frequency chirp the spectrum of oppoéde gets broaden and
degrades system performance.

Fig. 6.2.10
values of bit period (Btc).

shows

power

penal ty ofarsevemal f unct
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Power
penag (dB)

I 1 1
T T T
0.05 0.1 0.15 0.2 0.25

Dispersion parameter =P
(LD o)

Fig. 6.2.9 MPN induced power penalty

104

Power
penag’v (dB)

0 T T T
0.2 04 0.6

T T
0.8 1.0
Dispersion parameter =>
(BLD 0;)

Fig. 6.2.10 Chirp induced power penalty

Reflection Feedback

The light may reflect due to refractive indesabntinuities at splices and connectors.
These reflections are unintentional which degrades receiver performance considerably.
Reflections in fiber link originate at glass interface, its reflectivity is given by

'] Iz
Rf = I:n - 1)2
(np+1)

Where,
ns is refractive index of ber material.

The reflections can be reduced by using ind@tching get at interfaces.
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Relative Intensity

The output of a semiconductor laser exhibits fluctuations in its intensity, phase and
frequency even when the laser is biased abmstant current with negligible current
fluctuations. The two fundamental nose mechanisms are

i) Spontaneous emissi@amd
i) Electronhole recombination (shoibise)

Noise in semiconductor lasers is dominated by spontaneous emission. Each spontaneously
emitted photon adds to the coherent field a small field component whose phase is random,
and thus deviate both amplitude and phase is random manner. The noise resulting from the
random intensity fluctuations is calldglelative Intensity Noise (RIN). The resultim
meansquare noise current is given by

{iz) = RIN (R,P)B é (6.2.7)

RIN is measured in dB/Hz. Its typical value for DFB lasers is ranging #id® to-158
dB/Hz.

Reflection Effects on RIN

The optical reflection generated within the systems are tmibhemized. The reflected
signals increases the RIN by @0 dB. Fig. 6.2.11 shows the effect on RIN due to change
in feedback power ratio.

The feedback power ratio is the amount of optical power reflected back to the light output
from source. The feedblagpower ratio must be less thar60 dB to maintain RIN value

less than140 dB/Hz.
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- 120

RIN — 140
(dB/Hz)

— 160

T

| | i
| I T

38 -60 -80
Feedback power ratio

Fig. 6.2.11 Feedback power ratio (dB)

Loss Limited Lightwave Systems

Maximum transmission distance is giveniby

_ 10 Frrﬂnsmitrad
L=—logy|————
txf 'Pr'acaivsﬂ'
Where,

U is net fiber loss.

Maximum transmission distancedetermines the repeater spacing. It ranges from 10 km
to 100 km. Typical value of bit error rate (BER) <10

Dispersion Limited Lightwave System

Fiber dispersion limits the brate distance product BL because of pulse broadening. When
transmission disince is limited due to dispersion it is called dispersion limited lightwave
system.

Dispersion problems can be minimized by using dispersion shifted fibers. The dispersion
shifted fiber offers minimum loss and dispersion at 1.55 pm and operates at 20. Gb/se
with repeater spacing at 80 km.

Long Haul Systems

Long haul system can transmit optical signal over a great distance with or without using
repeaters. The effect of fiber dispersion is reduced by using fiber dispersion management.
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Performance Limiting Parameters

Performance limiting factors in a fibeptic link arei
Non-linear effects of optical fibers.
Self Phase Modulation (SPM).
Modulation instability.
Polarization Mode dispersion (PMD).

Recommended Questions

1. Derive the hermal noise characterisggjuation.
2. What is the role of preamplifier in optical receiver? Explain in brief different types of
preamplifieravailable.
3. Comment on overall performanoé
i) High-impedancereamplifier.
ii) Low-impedancereamplifier.

i) Transimpedancpreamplifier.

B

Explain the benefits of transimpedarpreamplifier.

o

Explain thefollowing
i) Carrier to noiseatio
i) Relative intensitynoise
i) Intermodulatiordistortion
iv) Intermodulatiorproducts
v) Composite seconarder
vi) Composite tripldoeat
vii) Beat stacking
viii)
6. Explain with block diagram elements of anali.
List the signal impairements in analsgstems.
7. Explain the generation of RIN. Give its expressaso.
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10.
11.

12.

13.

14.
15.
16.
17.
18.

Elaborate the important limiting conditions of optical powe&eleGiven their C/N ratios
and show the limitations with suitald&etch.

With a neat block diagram explain multichannel amplitoabelulation.

Explain subcarrier multiplexing technique @FC.

In an optical fiber communication link, list tid@ferent components and their
characteristics to the considered for seledting

Briefly explain the importance at link power budget. How the loss is calculated, explain
with optical power lossnodel?

Explain the rise¢time budget analysis with itsasic elements that contributes to system
risetime.

What is the significance of system consideration in pdiot point fiberlinks.

When distributed networks apeeferred?.

Explain commonly used technologies in distributetivorks.

Explain LAN usedn fiber optic communicatiosystem.

Discuss commonly used topologies used in fiber dpii.
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UNIT -7
WDM CONCEPTS AND COMPONENTS

WDM concepts, overview of WDM operation principles, WDM standards, Mattender
interferometer, multiplexer, Isolators and circulators, direct thin film filters, active optical
components, MEMS technology, variable optical attenuators, tunable optical fibers, dynamic gain
equalizers, optical drop multiplexers, polarization contrgllensomatic dispersion compensators,
tunable lightsources.

RECOMMENDED READINGS:

TEXT BOOKS:
1. Optical Fiber Communication i Gerd Keiser, # Ed., MGH,2008.

2. Optical Fiber Communicationd i John M. SeniorPearsonEducation. 3
Impression2007.

REFERENCE BOOK:

1.  Fiber optic communicationi Joseph C Palais"4dition, Pearso&ducation.
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Wavelength Division Multiplexing (WDM)

1 Optical signals of different wavelength (130600 nm) can propagaathoutinterfering
with each other. The scheme of combining a number of wavelengths over a single fiber is
called wavelength division multiplexif@VDM).

1 Each input is generated by a separate optical source with a unique wavelengticéin
multiplexer couples light from individual sources to the transmitting fiber. At the
receiving station, an optical demultiplexer is required to separate the different carriers
before photodetection of individual signals. Fig. 7.1.1 shows simple &ibgme.

1 To prevent spurious signals to enter into receiving channel, the demultiplexer must have
narrow spectral operation with sharp wavelengthatts. The acceptable limit of crosstalk
isi 30dB.

Features of WDM

1 Important advantages or features of WDM asanentioned belov

1. Capacity upgrade : Since each wavelength supports independent data&sizte.in

2. Transparency : WDM can carry fast asynchronous, slow synchronous, synchronous
analog and digitadata.

3. Wavelength routing : Link capacity afldxibility can be increased by usingultiple
wavelength.

4. Wavelength switching : WDM can add or drop multiplexers, cross connects and
wavelengthconverters.

Passive Components

1 For implementing WDM various passive and active components are requiredidimepm
distribute, isolate and to amplify optical power at differeavelength.
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