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Q.2

Answer:

block diagram.

1:3 ELEMENTS OF AN OPTICAL FIBE
" TRANSMISSION LINK i

An pprt_i_gal fiber transmission link comprises the elements shown in Fig. 1-5. The
k.ey Sections are a transmitter consisting of a Iig}{t source and its associe‘lted .driv'
circuitry, a Cfable offering mechanical and environmental protection to the o tic:.a(l3
ﬁber.s contained inside, and a receiver consisting of a photodetector plus air)n li-
_ﬁcatl_on and signal-restoring circuitry. Additional components include o tiIz:éI
amplifiers, _connectors, splices, couplers, and regenerators (for "resté'ri'n"p the
51gnal~§ﬁalpe' characteristics). The cabled fiber is one of the most im ogrtant
elements In an optical fiber link, as we shall see in Chaps. 2 and 3. In aI()iditio

to protecting the glass fibers during installation and service, the cable.may contéigﬂﬁ"

copper wires for powering optical amplifiers or signal regenerators, which are
needed periodically for amplifying and reshaping the signal in long-distance links.

Analogous to copper cables, optical fiber cables can be installed either
aerially, in ducts, undersea, or buried directly in the ground, as Fig. 1-6 illustrates.
As a result of installation and/or manufacturing limitations, individual cable
lengths will range from several hundred meters to several kilometers. Practical
considerations such as reel size and cable weight determine the actual length of a
single cable section. Shorter segments tend to be used when the cables are pulled
through ducts. Longer lengths are used in aerial, direct-burial, or undersea appli-
cations. Splicing together individual cable sections forms continuous transmission
lines for these long-distance links. For undersea installations, the splicing and
repeater-installation functions are carried out on board a specially designed
cable-laying ship.'® :

One of the principal characteristics of an optical fiber is its attenuation as a
function of wavelength, as shown in Fig. 1-7. Early technology made exclusive use
of the 800-10-900-nm wavelength band, since, in this region, the fibers made at
that time exhibited a local minimum in the attenuation curve, and optical sources
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a. Discuss the basic components of an optical communication system with
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Major elements of an optical fiber transmission link. The basic components are the light signal transmitter, the optical fiber,
and the photodetecting receiver. Additional elements include fiber and cable splices and connectors, regenerators, beam
splitters, and optical amplifiers. -
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and photodetectors operating at these wavelengths were available. This region is
referred to as the first window. By reducing the concentration of hydroxyl ions and
metallic impurities in the fiber material, in the 1980s manufacturers were able to
fabricate optical fibers with very low loss in the 1100-to-1600-nm region. This
spectral band is referred to as the long-wavelength region. Two windows are

defined here: the second window, centered around 1310 nm, and the third windovq,‘_

centered around 1550 nm.

~In 1998 a new ultrahigh purifying process patented by Lucent Technologies
eliminated virtually all water molecules from the glass fiber material. By drama-
tically reducing the water-attenuation peak around 1400 nm, this process opens
the transmission region between the second and third windows to provide around
100 nm more bandwidth than in conventional single-mode fibers. This particular
AllWave™ fiber, which was specifically designed for metropolitan networks, will
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give local service providers the ability to deliver cost-cffectively up to hundreds of
optical wavelengths simultaneously.

Once the cable is installed, a light source that is dimensionally compatible
with the fiber core is used to launch optical power into the fiber. Semiconductor
light-emitting diodes (LEDs) and laser diodes are suitable for this purpose, since
their Tight output can be modulated rapidly by simply varying the bias current at
the desired transmission rate, thereby producing an optical signal. The electric
input signals to the transmitter circuitry for the optical source can be of either
analog or digital form. For high rate systems (usually greater than 1 Gb/s), direct
modulation of the source can lead to unacceptable signal distortion. In this case,
an external modulator is used to vary the amplitude of a continuous light output
from a laser diode source. In the 800-to-900-nm region the light sources are
generally alloys of GaAlAs. T

b. Briefly discuss the fibre classification based on modes of propagation and

index profile. Draw index profile of various types of fibres.

Answer:

2.3 “OPTICAL FIBER MODES AND
CONFIGURATIONS

Before going into details on optical fiber characteristics in Sec. 2.3.3, we first

present a brief overview of the underlying concepts of optical fiber modes and
optical fiber configurations.

2.3.1 Fiber Types

An optical fiber is a dielectric waveguide that operates at optical frequencies. This
fiber waveguide is normally cylindrical in form. It confines electromagnetic energy

w the form of light to within its surfaces and guides the light in a direction parallel
to its axis. The transmission properties of an optical waveguide are dictated by its
structural characteristics, which have a major effect in determining how an optical
signal is affected as it propagates along the fiber. The structure basically estab-
lishes the information-carrying capacity of the fiber and also influences the
response of the waveguide to environmental perturbations. _

The propagation of light along a waveguide can be described in terms of a
set of guided electromagnetic waves called the modes of the waveguide. These
guided modes are referred to as the bound or trapped modes of the waveguide.
Each guided mode is a pattern of electric and magnetic field distributions that is
repeated along the fiber at equal intervals. Only a certain discrete number of
modes are capable of propagating along the guide. As will be seen in Sec. 2.4,
these modes are those electromagnetic waves that satisfy the homogeneous wave
equation in the fiber and the boundary condition at the waveguide surfaces.

Although many different configurations of the optical waveguide have been
discussed in the literature,® the most widely accepted structure is the single solid
dielectric cylinder of radius @ and index of refraction n; shown in Fig. 2-9. This
eylinder is known as the core of the fiber. The core is surrounded by a solid
dielectric cladding which has a refractive index n, that is less than 7. Although,
inprinciple, a cladding is ot necessary for light t6 propagate along the core of the

© IETE
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\ FIGURE 2-9
Schematic of a single-fiber structure, A

.m | Cladding | ! Buffer coating circular solid core of refractive index n,
is surrounded by a cladding having a

refractive index ny < ny. An elastic plas-
tic buffer encapsulates the fiber.

it could come in contact,

In low- and medium-loss fibers the core material is generally glass and s
surrounded by either g glass or a plastic cladding. Higher-loss plastic-core fibers
with plastic claddings are also widely in use, In addition, most fibers are encap-

_ Both the step- and the graded-index fibers can be further divided into single-
mode and multimode classes. As the name implies, a single-mode fiber sustains
only one mode of propagation, whereas multimode fibers contain many hundreds
6f modes. A few typical sizes of single- and multimode fibers are given in Fig, 2-10
to provide an idea of the dimensional scale. Multimode fibers offer several advan.-
tages compared with singlg:—m_gde_ﬁ bers. As we shall see in Chap. 5, the larger core

_radii of multimode fibers make it easier to launch optical power into the fiber and

facilitate the connecting together_of similar fibers, Another advantage is that light

can be lau:riéhé'dhiﬁtb a_multimode fiber using a light-emitting-diode (LED)
source, whereas single-mode fibers must generally be excited with laser diodes.
Although LEDs have less optical output power than laser diodes (as we shall
discuss in Chap. 4), they are 'é'a_sier to make, are Jesg expensive, require less com-
rglceg_cimujt_rxzﬁ and have longer lifetimes than Jaser diodes, thus making them more
desirable in certain applications, !
‘ A disadvantage of multimode fibers is that they suffer from intermodal
dispersion. We shall describs this effect in detai] in Chap. 3. Briefly, intermodal
dispersion can be described as follows. When an optical pulse is launched into a’

fiber, the optical power in the pulse is distributed over a] (or most) of the modes

© IETE
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Comparison of single-mode and multimode step-index and graded-index optical fibers.

of the fiber. Each of the modes that can propagate in a multimode fiber travels at
a slightly different velocity. This means that the modes in a given optical pulse
artive at the fiber end at slightly different times, thus causinig the pulse to spread
out in time as it travels along the fiber. This effect, which is known as intermodal
“dispersion or intermodal distortion, can be reduced by using a graded-index profile
in a fiber core. This allows gradéd-index fibers to have much larger bandwidths
(data rate transmission capabilities) then step-index fibers. Even higher band-
widths are possible in single-mode fibers, where intermodal dispersion effects
are not present. ' e e

2.3\.2/l$ays and Modes

The electromagnetic light field that is guided along an optical fiber can be repre-
sented by a superposition of bound or trapped modes. Each of these guided
modes consists of a set of simple electromagnetic field configurations. For mono-
chromatic light fields of radian frequency w, a mode traveling in the positive z
direction (i.e., along the fiber axis) has a time and z dependence given by

ej(a)i‘-ﬁz)

© IETE 5
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The factor B is the z component of the wave propagation constant k = 27r/A and is
the main parameter of interest in describing fiber modes. For guided modes, p can
assume only certain discrete values, which are determined from the requirement
that the mode field must satisfy Maxwell’s equations and the electric and mag-
netic field boundary conditions at the core—cladding interface. This is described in
detail in Sec. 2.4.

Another method for theoretically studying the propagation characteristics
of light in an optical fiber is the geometrical optics Or ray-tracing approach. This
‘method provides a good approximation to the light acceptance and guiding prop-
erties of optical fibers when the ratio of the fiber radius to the wavelength is large.
This is known as the small-wavelength limit. Although the ray approach is strictly
valid only in the zero-wavelength limit, it is still relatively accurate and extremely
valuable for nonzero wavelengths when the number of guided modes is large; that
is, for multimode fibers. The advantage of the ray approach is that, compared
with the exact electromagnetic wave (modal) analysis, it gives a more direct
physical interpretation of the light propagation characteristics in an optical fiber.

Gince the concept of a light ray is very different from that of a mode, let us
see qualitatively what the relationship is between them. (The mathematical details
of this relationship are beyond the scope of this book but can be found in the
literature.4"6) A guided mode traveling in the z direction (along the fiber axis) can
be decomposed into a family of superimposed plane waves that collectively form a
standing-wave pattern in the direction transverse to the fiber axis. That is, the
phases of the piane waves are such that the envelope of the collective set of waves
remains stationary.?? Since with any plane wave we can associate a light ray that is
perpendicular to the phase front of the wave, the family of plane waves COITe-
sponding to a particular mode forms a set of rays called a ray congruence. Each
ray of this particular set travels in the fiber at the same angle relative to the fiber
axis. We note here that, since only a certain number M of discrete guided modes
exist in a fiber, the possible angles of the ray congruences corresponding to these
modes are also limited to the same number M. Although a simple ray picture
appears to allow rays at any angle greater than the critical angle to propagate ina
fiber, the allowable quantized propagation angles result when the phase condition
for standing waves i8 introduced into the ray picture. This is discussed further in
Sec. 2.3.9.

Despite the usefulness of the approximate geometrical optics method, a
number of limitations and discrepancies exist between it and the exact modal
analysis. An important case is the analysis of single-mode of few-mode fibers,
which must be dealt with by using electromagnetic theory. Problems involving
coherence or interference phenomena must also be solved with an electromagnetic
approach. In addition, a modal analysis is necessary when a knowledge of the
field distribution of individual modes 18 required. This arises, for example, when
analyzing the excitation of an individual mode or when analyzing the coupling of
power between modes at waveguide imperfections (which we shall discuss in
Chap. 3).

© IETE
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total interna reflection at the curve and, consequently, can remain guided with-
out [oss.

sidering the Step-index fiber. In practical step-index fibers the core of radius g has
a refractive index ny which is typically equal to 1.48. This is surrounded by g
cladding of lightly lower index n>, where

m =n(l - A) (2-20)

The parameter A is called the core-cladding index difference or simply the index
difference. Values of n, are chosen such that A is nominally 0.01. Typical values
range from | to 3 percent for multimode fibers and from 0.2 to 1.0 percent for
single-mode fibers. Since the core refractive index is larger than the cladding
index, electromagnetic energy at optical frequencies is made to Propagate along
the fiber Waveguide through internal reflection at the core-cladding interface. ng‘

| i material dispersion
a. Briefly explain the reasons for pulse broadening due to -

Q.3

Answer:

in optical fibre.

© IETE
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3.2.3 Material Dispersion

Material dispersion occurs because the index of refraction varies as a function of .
the optical wavelength. This is exemplified in Fig. 3-12 for silica.?® As a conse-
quence, since the group velocity V, of a mode is a function of the index of
refraction, the various spectral components of a given mode will travel at different
speeds, depending on the wavelength.*” Material dispersion s, therefore, an intra-
modal dispersion effect, and is of particular importance for single-mode wave-
guides and for LED system (since an LED has a broader output spectrum than a
laser diode).

1.540 —
1.520
1.500
=}
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51480
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1.460 —
1.440 -
1.420 - FIGURE 3-12
Variations in the index of refraction as a func-
tion of the optical wavelength for silica. (Repro-
1.400 L Ll | ! duced with permission from I. H. Malitson,

02 0406 10 20 40  J Opi Soc. Amer., vol. 55, pp. 12051209, Oct.
Wavelength (um) 1965.)
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To calculate material-induced dispersion, we consider a plane wave propa-
gating in an infinitely extended dielectric medium that has a refractive index n(d)
equal to that of the fiber core. The propagation constant 8 is thus given as
2mtn(A)

Bi=
A
Substituting this expression for B into Eq. (3-13) with k = 2m/A yields the group
delay tp, resulting from material dispersion:

(3-18)

T ”*ldn 3-19
mat—c an (‘_ )

Using Eq. (3-16), the pulse spread oy, for a source of spectral width o; is found
by differentiating this group delay with respect to wavelength and multiplying by
o0; to yield

d’n

Yl
dAr?

ATt
di

where Dya(A) is the material dispersion.

A plot of the material dispersion for unit length Z and unit optical source
spectral width o, is given in Fig. 3-13 for the silica material shown in Fig. 3-12.
From Eq. (3-20) and Fig. 3-13 it can be seen that material dispersion can be
reduced either by choosing sources with narrower spectral output widths (reduc-
Ing ) or by operating at longer wavelengths.?8

—

G’)LL
A =T
c

Omat ~

= 03 L|Diar (1) (3-20)

;’A
e

[ i i i ive i 1.480, a core radius
b. A given step-index fibre has a core refractlv_e index of :
qual to 4.5 um, and a core-cladding index difference of 0.25 percent. What
is the cut off wavelength for this fibre? (8)

Answer: _
{Ae= 1230 nm} From page no. 126, numerical no. 3.14 of book OPTICAL

FIBERCOMMUNICATIONS by Gred Keiser 5e publisher Mc Graw Hill Edition 2013.

i indi - i tors? Give at
4 a. What are direct band-gap and indirect band gap semlconduc_ _
° least two examples of each. Which of these are suitable for fabricating LEDs

and why?
Answer:

(8)
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4.1.4 Direct and Indirect Band Gaps

In order for electron transitions to take place to or from the conduction band with
the absorption or emission of a photon, respectively, both energy and momentum
must be conserved. Although a photon can have considerable energy, its momen-
tum hv/c is very small.

Semiconductors are classified as either direct-band-gap or indirect-band-gap
materials depending on the shape of the band gap as a function of the momentum
k, as shown in Fig. 4-7. Let us consider recombination of an electron and a hole,
accompanied by the emission of a photon. The simplest and most probable
recombination process will be that where the electron and hole have the same
momentum value (see Fig. 4-7a). This is a direct-band-gap material.

For indirect-band-gap materials, the conduction-band minimum and the
valence-band maximum energy levels occur at different values of momentum,
as shown in Fig. 4-7b. Here, band-to-band recombination must involve a third
particle to conserve momentum, since the photon momentum is very small
Phonons (i.e., crystal lattice vibrations) serve this purpose.

4.1.5 Semiconductor Device Fabrication

In fabricating semiconductor devices, the crystal structure of the various material
regions must be carefully taken into account. In any crystal structure, single
atoms (e.g., Si or Ge) or groups of atoms (e.g., NaCl or GaAs) are arranged in
a repeated pattern in space. This periodic arrangement defines a lattice, and the
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FIGURE 4-7
(a) Electron recombination and the associated photon emission for a direct-band-gap material; (b)

electron recombination for indirect-band-gap materials requires a phonon of energy Ep, and momen-
tum kpp.

spacing between the atoms or groups of atoms is called the lattice spacing or the
lattice constant. Typical lattice spacings are a few angstroms.

Semiconductor devices are generally fabricated by starting with a crystalline
substrate which provides mechanical strength for mounting the device and for
making electric contacts. A technique of crystal growth by chemical reaction is
then used to grow thin layers of semiconductor materials on the substrate. These
‘materials must have lattice structures that are identical to those of the substrate
lerystal. In particular, the lattice spacings of adjacent materials should be closely
‘matched to avoid temperature-induced stresses and strains at the material inter-
faces. This type of growth is called epitaxial, which is derived from the Greek
‘words epi meaning “on” and faxis meaning “‘arrangement’’; that is, it is an

© IETE 11
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b. What do you meant by responsivity of photodetector? Discuss the factors
responsible for limiting the speed of response of photodiode.

Answer:
L

é’ Response Time

gmponse time of a photodiode t_é)gether with its output circuit (see Fig. 6-8)
'bnds mainly on the following three factors:

{The transit time of the photocarriers in the depletion region.

IThe diffusion time of the photocarriers generated outside the depletion
|Tegion.

:EThe RC time constant of the photodiode and its associated circuit.

The photodiode parameters responsible for these three factors are the
Wﬁﬁlaems, the depletion region width w, the photodiode junction
package capamtances the amplifier capacitance, the detector load resistance,
gﬂphﬁer input resnstance and the photodiode series resistance. The photo-
{e series resistance is generally only a few ohms and can be neglected in
iparison with the large load resistance and the amplifier input resistance.

Let us first look at the transit time of the photocarriers in the depletion
on. The response speed ofa photodlode is fundamentally limited | by the time it
m“menerated carriers to o travel across the depletion region. This transit
.14 depends on the carrler drlft veloc1ty vz and the depletion 1ayer width w,
s gwen by

ty=— (6-27)
Vd

eneral, the electric field in the depletion region is large enough so that the
lers have reached their scattering-limited velocity. For silicon, the maximum
cities for electrons and holes are 8.4 x 10° and 4.4 x 10° ¢m/s, respectively,
1 the field strength is on the order of 2 x 10* V/cm. A typical high-speed
m photodiode with a 10-um depletion layer width thus has a response time
tofabout 0.1 ns.
‘The diffusion processes are slow compared with the drift of carriers in the
field region. TEEFéfore to have a_high-speed photodlode the photocarriers
id be generated in the depletlon reglon or so close to it that the diffusion
s are less than or equal to the carrier drift times. “The effect of long diffusion
§ can be seen by conmdermg the photodiode response time. This response
fdsdescribed by the rise time and fall time of the detector output when the
sfor is-illuminated by a step input of optical radiation. The Tise time 7, s

© IETE
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typically measured from the 10- to the 90-percent points of the leading edge
output pulse, as is shown in Fig. 6-11. For fully depleted photodiodes the rise
7, and fall time 7, are generally the same. However, they can be different at|
bias levels where the photodiode 1s not fully depleted, since the photon collection
time then starts to become a significant contributor to the rise time. In this c2
charge carries produced in the depletion region are separated and coll
quickly. On the other hand, electron—hole pairs generated in the n and p reg
must slowly diffuse to the depletion region before they can be separated ¢
collected. A typical response time of a partially depleted photodiode is sho
'in Fig. 6-12. The fast carriers allow the device output to rise to 50 percent 0
maximum value in approximately 1 ns, but the slow carriers cause a relatively
long delay before the output reaches its maximum value. g

much Targer than 1/, (the i__h;vesfge--csrmﬁmlrp‘fraﬁ‘?éé’fﬂ‘c"iéﬁ
“fhie light will be absorbed. The response to a rectangular input pulse of a
capacitance photodiode having w > 1/a, is shown in
times of the photodiode follow the input pulse quite well. If the photod
capacitance is larger, the response time becomes limited by the RC time constant
of the load resistor R, and the photodiode capacitance. The photodetector
response then begins to appear as that shown in Fig. 6-13c.
If the depletion layer is too narrow, any carriers created in the undeplete
material would have to diffuse back into the depletion region before they could be
collected. Devices with very thin depletion regions thus tend to show distinct slow=
and fast-response components, as shown in Fig. 6-13d. The fast component
rise time is due to carriers generated in the depletion region, whereas the slow
component arises from the diffusion of carriers that are created with 2 distance Ly
from the edge of the depletion region. At the end of the optical pulse, the carriesin

Photodiode voltage response

FIGURE 6-11
Photodiode response to an optical input pulse showing the 10- to 90-percent rise time and the 10-to%-

percent fall time.
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Response from
slow carriers

Response from
fast carriers

| | | FIGURE 6-12

b . o Typtcal‘ response ltnne of a
; : photodiode that is not fully
Time (ns) depleted.

epletion region are collected quickly, which results in the fast-detector-
nse component in the fall time. The diffusion of carriers which are within
tance L, of the depletion region edge appears as the slowly decaying tail at
nd of the pulse. Also, if w is too thin, the junction capacitance will become

ve. The junction capacitance C; is

¢, = the permittivity of the semiconductor material = €K,
K, = the semiconductor dielectric constant

8.8542 x 1012 F/m is the free-space permittivity

the diffusion layer area

Il

€0
A

Il

excessiveness will then give rise to a large RC time constant which limits the
cor response time. A reasonable compromise between high-frequency
se and high quantum efficiency is found for absorption region thicknesses

een 1/a, and 2/a.

Rectangular
input pulse

— . —— — ————————————
\

Diffusion component

w< o
Small G

Fast — i
! components

Slow
component

6-13

Photodiode pulse responses under various detector parameters.
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. If Ry is the combination
I1s the sum of the photodiode a
detector behaves a
given by

of the load and ampli

nd amplifier capaci
: _ pacitan
Pproximately like a simple RC o

fier input resistances g
ces, as shown in Fig
W-pass filter with a p

1

Begslll o
2Ry Cy

=
Q.5 a. Discuss various lensing schemes used for the improvement of coupling of
light to the fibre and outline the technique deployed for the LED coupling to
Single Mode Fibre. (8)
Answer:
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The optical power-launching analysis given in Sec. 5.1 is based op centering;
fiber end face directly over the light source ag close to it as possible. If the soy
emitting area is larger than the fiber-core area, then the resulting optic;
coupled into the fiber 1 the maximum that can be achieved. This 5a
fundamenta] energy and radiance conservation principles® (also known as
of brightness). However, if the emitting area of the Source is smaller thap

of
to match exactly the core area of the fiber enq face. If g
increased by g magnification factor M, the solid angle within which
Power is coupled to the fiber from the LED jg increased by the same factop
Several possible lensing schemeg!.7-12 are shown in Fig, 5.5, These ing

LED Cladding
Active
area \% Cote % O

Rounded-end fiber

. 26D vt -7y

Imaging sphere

fiber Taper-endeq fiber

Examples of possible lensing schemes used to improve optical source-to-fiber coupling efficiency,

16
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aging Microsphere
ethods 18 the use
urface emitter,

ofa nonimaging microsphere.
6. We first

as shown in Fig. 5-6.

efficient lensing ™
fractive index

most

camine its use for a s
llowing practical assumptions: the spherical lens has a 1€
i 1.0), and the emitting area ig circular.
d be located at

- 4o medium is air n=1
t¢ the output from the LED, the emitting surface shoul
int of the lens. The focal point can be found from the gaussian lens

non n-
PR 2 il (5-14)
s g r
ces, respectively, as measured from
x of the

mage distan
index of the lens, n' is the refractive inde

¢ object and 1
ature of the lens surface.

d g are th
surface, 7 1S the refractive
s the radius of curv

nedium, and i
Th following sign conventions are used with Eq: (5-14):
travels from left to right.
e to the left of a vertex and negative

measured as positiv

¢ distances are
and negative

right.
sured as positive t0 the right of 2 vertex

¢ distances are mea

the left.
convex surfaces encount
,and concave surfaces have @ ne

ve a positive radius of curva-

ered by the light ha
gative radius.

the focal point for the

the focal point, We set
int B. With

f these conventions, We shall now find
hand surface of the lens shown in Fig. 5-6. To find
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‘With the use O

Microsphere lens

5-6 _
matic diagram of an LED emitter with 2 microsphere lens.
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Thus, the focal point is located on the lens surface at point 4. (This,
changes if the refractive index of the sphere is not equal to 2.0.)

Placing the LED close to the lens surface thus results in a magnifi
of the emitting area. This is given by the ratio of the cross-sectional area
lens to that of the emitting area:

JTR?L RL 2
Mow e (r_)
] 5

Using Eq. (5-4) we can show that, with the lens, the optical power Py, thatcn

coupled into a full aperture angle 26 is given by 3
R.\2

Py = PS(TL) sin’

5

where P, is the total output power from the LED without the lens.

The theoretical coupling efficiency that can be achieved is based on ent
and radiance conservation principles.!4 This efficiency is usually determ
the size of the fiber. For a fiber of radius ¢ and numerical aperture NA
maximum coupling efficiency nmax is given by 3

2
(&) ™Ay for  G>NA
1 for fa'i < NA

Nmax =

Thus, when the radius of the emitting area is larger than the fiber ra
improvement in coupling efficiency is possible with a lens. In this case,
coupling efficiency is achieved by a direct-butt method.

Based on Eq. (5-17), the theoretical coupling efficiency as a functio
emitting diameter is shown in Fig. 5-7 for a fiber with a numerical aperture ot
and 50-um core diameter.

b. What do you understand by optical fibre connectors? List all the necessary
requirements of a good connector. Also, discuss the popular alignment
schemes used in optic connectors. (8)
Answer:

© IETE 18
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56 OPTICAL FIBER CONNECTORS

A wide variety of optical fiber connectors has evolved for numerous different

lors in a benign location to multichannel connectors used in harsh military field
environments. Some of the principal requirements of a good connector design are
as follows:

I. Low coupling losses. The connector assembly must maintain stringent align-
ment tolerances to assure low mating losses. These low losses must not change
significantly during operation or after numerous connects and disconnects.

2, Interchangeability. Connectors of the same type must be compatible from one
manufacturer to another.

3, Ease of assembly. A service technician should readily be able to install the
connector in a field environment; that is, in a location other than the con-
nector factory. The connector loss should also be fairly insensitive to the
assembly skill of the technician.

4. Low environmental sensitivity. Conditions such as temperature, dust, and
moisture should have a small effect on connector-loss variations.

5. Low-cost and reliable construction. The connector must have a precision
suitable to the application, but its cost must not be a major factor in the
fiber system.

6. Ease of connection. Generally, one should be able to mate and demate the
connector, simply, by hand.

© IETE
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5.6.1 Connector Types

Connectors are available in screw-on, bayonet-mount, and push—pull config
urations.” ™ These include both single-channel and multichannel assemblies
for cable-to-cable and for cable-to-circuit card connections. The basic coupling
mechanisms used in these connectors belong to either the butt-joint or the
expanded-beam classes.

Butt-joint connectors employ a metal, ceramic, or molded-plastic ferrule for
each fiber and a precision sleeve into which the ferrule fit. The fiber is epoxied into
a precision hole which has been drilled into the ferrule. The mechanical challenges
of ferrule connectors include maintaining both the dimensions of the hole diam-
eter and its position relative to the ferrule outer surface.

Figure 5-20 shows two popular butt-joint alignment designs used in both
multimode and single-mode fiber systems. These are the straight-sleeve and the
tapered-sleeve (or biconical) mechanisms. In the straight-sleeve connector, the
length of the sleeve and a guide ring on the ferrules determine the end separation
of the fibers. The biconical connector uses a tapered sleeve to accept and guide
tapered ferrules. Again, the sleeve length and the guide rings maintain a given
fiber-end separation.

An expanded-beam connector, illustrated in F ig. 5-21, employs lenses on the
ends of the fibers. These lenses either collimate the light emerging from the trans-
mitting fiber, or focus the expanded beam onto the core of the receiving fiber. The:
fiber-to-lens distance is equal to the focal length of the lens. The advantage of this.
scheme is that, since the beam is collimated, separation of the fiber ends may take
place within the connector. Thus, the connector is less dependent on lateral align-
ments. In addition, optical processing elements, such as beam splitters and
switches, can easily be inserted into the expanded beam between the fiber ends,

Alignment Alignment
sleeve sleeve

Guide ring

Ferrule

Guide ring

(a)

(b)

FIGURE 5-20

Examples of two popular alignment schemes used in fiber optic connectors: (@) straight sleeve, (5).
tapered sleeve.
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Expanded beam

Transmitting Receiving

fiber el rial T fiber

—_—— —

—_———

Collimating /focusing lenses

FIGURE 5-21
Schematic representation of an expanded-beam fiber optic connector-.

5.6.2 Single-Mode Fiber Connectors

Because of the wide use of single-mode fiber optic links and because of the greater
dlignment precision required for these systems, this section addresses single-mode
Connector coupling losses. Based on the gaussian-beam model of single-mode
fiber fields,®> Nemota and Makimoto” derived the following coupling loss (in
decibels) between single-mode fibers that have unequal mode-field diameters
(which is an intrinsic factor) and lateral, longitudinal, and angular offsets plus

teflections (which are all extrinsic factors):

3 16nin? 4o ( pu)]
Lom.r IOJog[(M1 Fnyy exp 7 (5-43)
where o) = (k WI )2
¢ =G+ (o+1)
“  =(0+1DF?+20FGsin0+ o(G? + o + 1)sin®@
st 4|
W2
s
G K'TV_F‘
o = (Wy/W)
k = 23T?1‘3/l
= core refractive index of fibers
n3 = refractive index of medium between fibers
A = wavelength of source
d = lateral offset
s = longitudinal offset
a = angular misalignment
Wi = 1/e mode-field radius of transmitting fiber
W> = 1/e mode-field radius of receiving fiber

This general equation  gives very good correlation with experimental
investigations. 54

© IETE
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5.6.3 Connector Return Loss

A connection point in an optical link can be categorized into four interface types.
These consist of either a perpendicular or an angled end-face on the fiber, and
either a direct physical contact between the fibers or a contact employing an
index-matching material. Each of these methods has a basic application for
which it is best suited. The physical-contact type connectors without index-match-
ing material are traditionally used in situations where frequent reconnections are

hin a building or on localized premises. Index-matching

‘required, such as wit
connectors are standardly employed in outside cable plants where the reconnec:

tions are infrequent, but need to have a low loss.
This section gives some details on index-matched and direct physical co-

tacts, and briefly discusses angled interfaces. In each case, these connections

require high return Josses (low reflection levels) and low insertion loses (high
optical-signal throughput levels). The low reflectance levels are desired since
optical reflections provide a source of unwanted feedback into the laser cavity.
This can affect the optical frequency response, the linewidth, and the internal
noise of the laser, which results in degradation of system performance.

Figure 5-22 shows a model of an index-matched connection with perpeil-
dicular fiber end faces. In this figure and in the following analyses, offsets and
angular misalignments are not taken into account. The connection model shows
that the fiber end faces have a thin surface layer of thickness h having a high
refractive index nj relative to the core index, which is a result of fiber polishing.
The fiber core has an index o, and the gap width d between the end faces is filled
with index-matching material having a refractive index ny. The return loss RL

in decibels for the index-matched gap region is given by’

RLy = elOlongR[l - cbs(ﬁrzld)“ (5-44)

High refractive-index layer of index ny

d
fe——

Cladding
Incident light A28 c D Transmitted

Reflected { light

ngy light
. Claddi
/A ing

S L vl s 1

Index-matching material

FIGURE 5-22
Model of an index-matched connection with perpendicular fiber end faces.
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‘Where
2+ 72 4+ 2rryc088
1+ rir; + 2rirycosé
is the reflectivity at a single material-coated end face, and
ri= —no — and r= r2 (5-46)
o + na ny + ny

are the reflection coefficients through the core from the high-index layer and
through the high-index layer from the core, respectively. The parameter
0= (4/Mmph is the phase difference in the high-index layer. The factor 2 in
Eq. (5-44) accounts for reflections at both fiber end faces. The value of ny of
the glass surface layer varies from 1.46 to 1.60, and the thickness 4 ranges from 0
10 0.15 pm.

When the perpendicular end faces are in direct physical contact, the return
loss RLpc in decibels is given by

RLpc = —10 log{ 2R2[1 - 005(4?2 21:)“ (5-47)
‘where
Rog — Ry :
E 4
R (no . nz) (5-48)

Here, R; is the reflectivity at the discontinuity between the refractive indices of the
fiber core and the high-index surface layer. In this case, the return loss at a given
wavelength depends on the value of the refractive index n, and the thickness 4 of
the surface layer.

Connections with angled end-faces are used in applications where an ultra-
low reflection is required. Figure 5-23 shows a cross-sectional view of such a
connection with a small gap of width d separating the fiber ends. The fiber

d

/

Core n |
o ’ 6,
o Incident Transmitted light .
light 8y
I %

n Cladding )

FIGURE 5-23
Connection with angled end faces having a small gap of width d separating the fiber ends.

I
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core has an ndex Hg, and the material in the gap has a refractive naex fj. Hegm
faces are polished at an angle 6, with respect to the plane perpendicular to
fiber axis. This angle is typically 8°. If I; and I, are the incident and throughpi
optical power intensities, respectively, then the transmitted efficiency T throt

the connector is’’
I 1~ RP
Ii (1 - R)* +4Rsin*(8/2) '
where
sinfy n drn d cos Ay — 1 %
= — Eir———————r . d R =
sin@ ng’ p A = (ﬂo S nl)

havior as a function of the wavelength and the end-face angle.

Q.6 a. Derive an error probability expression for a digital receiver. (8)

Answer:

© IETE
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7.2.1 Probability of Error

In practice, there are several standard ways of measuring the rate of!
rences in a digital data stream.” One common approach is 1o divide
N; of errors ocouring over a certain time interval ¢ by the numbes N
(ones and zeros) transmitied during this interval. This is called gither the r
or the bit-error rate, which is commonly abbreviated BER. Thus, we iave :

Ne _ N
N, Bt

where B = 1/T} is the bit rate (i.e., the pulse transmission rate). The e *
expressed by a number, such ag lﬂ“' for example, which statés that, ol
average, one error occurs for every bilion pulses sent. Typical ErTOT rales
optical fiber telecommunication systems range from 10~? to 10~'2, Thist
rate depends on the signal-to-noise ratio at the receiver (the ratio of &8
power to noise power). The system error rate requirements and the fecH
noige levels thus set a lower limit on the optical signal power level :thau; ,':'1 -
at the photodetector. A

To compute the bit-error rate at the receiver, we have to know thep
ability distribution® of the signal at the equalizer output. Knowing the &g
probability distribution at this point is important because it is here thal
decision is made as to whether a 0 or a | is sent. The shapes of two's
probability distributions are shown in Fig. 7-5. These are

HMﬂ;MM@

which is the probability that the equalizer output voltage is less than v
logical 1 pulse is seat, and

BER =

HM=FMM@

which is the probability that the output voltage exceeds v when a log
transmitted. Note that the different shapes of the two probability distr
in Fig. 7-5 indicate that the noise power for a logical 0 is usually not the
that for a logical 1. This occurs-inoptical-systems because of signal d
from transmission impairments (e.g., dispersion, optical amplifier
distortion from nonlinear effects) and from noise and ISI contributi 4
receiver. The functions p(y|1) and p{(y|0) are the conditional probability dusin

© IETE 25
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plyil)

——— i — —— — — — ——

plyi0)

RE 7-5
fobability distributions for received logical 0 and 1 signal pulses. The different widths of the two
gltnbutions are caused by various signal distortion effects.

;%'!.r functions;”* that is, p(y|x) is the probability that the output voltage is y,
given that an x was transmitted.
If the threshold voltage is vy, then the error probability P, is defined as

P, = aP\(vn) + &Po(vn) (7-18)

iFhe weighting factors a and b are determined by the a priori distribution of the
data. That is, @ and b are the probabilities that either a 1 or a 0 occurs, respec-
ively For unbiased data with equal probability of 1 -and 0 otcurrences,
=) = 0.5. The problem to be solved now is to selett the decision threshold at
Uhat point where P, is minimum:

To calculate the error probability we require a knowledge of the mean-
lSquare noise voltage (v%) which is superimposed- on the signal voltage at the
gecision time. The statistics of the output voltage at the sampling time are very
fcomplicated, so that an exact calculation is rather tedicius to perform. A number
tof different approximations'™'® have therefore been usedto calculate the perform-
ance of a binary optical fiber receiver. In applying these approximations, we have
ito make a tradeoff between computational simplicity and accuracy of the results.
ifhe simplest method is based on a gaussian approximation. In this method, it is
assumed that, when the sequence of optical input pulses is known, the equalizer
ﬂutput voltage vy iS @ gaussian random variable. Thus, to calculate the error
iprobability, we need only to know the mean and standard deviation of wvau(r).

Other approximations that have been investigated are more involved*®16-1® and
will not be discussed here.
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Thus, let us assume that a signal s (which can be either a noise disturbange
or a desired information-bearing signal) has a gaussian probability distribution
function with a mean value m. If we sample the signal voltage level s(r) at any
arbitrary time ¢;, the probability that the measured sample s(¢,) falls in the range §
to s +ds is given by

_ 1 mine

S(s) ds \/’-Z}r-o'—fe ds

where f(s) is the probability density function, o* is the noise variance, and il§
square root o is the standard deviation, which is a measure of the width of the
probability distribution. By examining Eq. (7-19) we can see that the quantity
2+/20 measures the full width of the probability distribution at the point where
the amplitude is 1/e of the maximum.
We can now use the probability density function to determine the probabil

ity of error for a data stream in which the 1 pulses are all of amplitude V. As
shown in Fig. 7-6, the mean and variance of the gaussian output for a 1 pulse are
bor and o2, respectively, whereas for a 0 pulse they are bor and a2y, respectively.
Lel us first consider the case of a 0 pulse being sent, so that no pulse is present at
the decoding time. The probability of error in this case is the probability that th
noise will exceed the threshold voltage vy and be mistaken for a 1 pulse, This
probability of error Py(v) is the chance that the equalizer output voltage v(f) will
fall somewhere between vy, and oc. Using Egs. (7-17) and (7-19), we have

Pofeia) = J:mm}df = j:m)dy‘

e e =
=——1 expl— dv
20ofr Jow; off
where the subscript 0 denotes the presence of a 0 bit.

Similarly, we can find the probability of error that a transmitted 1 is mis-
interpreted as a 0 by the decoder electronics following the equalizer. This prob--

Variance o2,

b, — :
E Threshold [evel
3 By

by ~= I\N\/V\/\/ \'\/\MIV\

Variance &%,
T!.mc I

FIGURE 76

Gaussian noise statistics of a binary signal showing variances about the on and off signal levels.
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Py(vm) = ’ py|Ddy = rh Si(v)dv

—0

l bﬂﬂ
= f exp[ ( = ]dv (7-21)

¢ the subscript 1 denotes the presence of a 1 bit.
If we assume that the probabilities of () and 1 pulses are cqually likely, then,
Egs. (7-20) and (7-21), the bit-error rate (BER) or the error probability 2,

: 0
BER = P.(Q) = %_E Lhﬁ e dx

. Q\]._ 1 @7
Sl@lET e

:' l¢approximation is obtained from the asymptotic expansion of erf(x). Here, the
;garameter Q is def'ned as

Ir Q - Yih — bﬂff' - IIE"l::ln — Vth (?_23]

Taff Ton

erf(x) = %}_T L eV dy (7-24)

jﬁﬂl& error function, which is tabulated in various mathematical handbooks.*

The f'actc-r Q is widely used to spemfy receiver perfnrmance, since it is
related to the signal-to-noise ratio required to achieve a specific bit-error rate.?
In partmular lLtakes into account that in optmal ﬁber systems the variances in the
M{EE:])GWEI ally are different for received logical 0 and 1 pulses. Figure 7-7
shows hOWl ne H "fa varies with ¢ .} The app . ot given in (7-232
gnd shown by the dashed line i g
improves as O increases. A commonly quoted
toa BER = 10-%,

Let us consider the special case when o, = 0,y = ¢ and b,y = 0, so that
bes = V. Then, from Eq. (7-23) we have that the threshold voltage vy, = V/2, so
that 0 = V' /20. Smcc ois l.lsua]l},F called the rms noise, the ratio V/e is the peak
lgnail-to-rms-noise ratio. In this case, Eq. (7-22) becom

B i = % [1 ~ erf(zjéa)] (7-25)

=
. O
I
1
E
-

Y niex Inn T o - | R e ——. |
L/ value 15 0. since (s correspondas
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1073

”','L‘! y
|D_
107 ;
) =5.99781 for f’; =1
1.:':'—[1_
10-15 | \ ; L FIGURE 7-T |
) 2 4 G g8 Plot of the BER (P,) versus the factor {. The
Q approximation from Eg. (7-22) is shown by the
dashed line.
b. How can we measure the performance fidelity for an analog receiver in
terms S/N ratio? (8)
Answer:
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7.5 ANALOG RECEIVERS

In addition to the wide usage of fiber optics for the transmission of digital signals,
there are many potential applications for analog links. These range from indivi-
dual 4-kHz voice channels to microwave links operating in the multigigaherfz :
region.”® 0 In the previous sections we discussed digital receiver performance it
terms of error probability. For an analog receiver, the performance fidelity is
measured in terms of a signal-to-noise ratip. This is defined as the ratio of the
mean-square signal current to the mean-square noise current,

The simplest analog technique is to use amplitude modulation of the
source.” In this scheme, the time-varying electric signal s(¢) is used to modulate
directly an optical source about some bias point defined by the bias current Ip, a5
shown in Fig. 7-20. The transmitted optical power P(¢) is thus of the form

P(1) = P[1 + ms(1)] (7-100)
where P, is the average transmitted optical power, 5(2) 1s the analog modulation
signal, and m is the modulation index defined by (see Sec. 4.4)

L Al
=1

Here, A7 is the variation in current about the bias point. In order not to introduce
distortion into the optical signal, the modulation must be confined to the linear

(7-101)

Output response

|
l
I
[
|
l

Bias point
I |
A
| | Modulated current
s | I
fe—AT i AI—-{
| i
— FI 7-
{g — AT Iy Ip +AJ GURE 7-20

Direct analog modulation of an LED

Input drive current source.
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__:_f?'-w of the light source output curve shown 1a Fig. 7-20. Also, if AF > Iy, the
peer portion of the signal gets cut ‘off and severe distortion: results.
At the receiver end, the photocurrent genérated by the analog optical signal

() = RoMP,[1 + ms(1)]
= I,M[1 + ms(2)} (7-102)

jére %, is the detector responsivitity, P: is the average received optical power,

Ay P, is the primary photocurrent, and M is the phntodct@ctor gain. If 5(r) is
soidally modulated signal, then the mean-square signal current at the photo-
or output is (ignoring a dc term)

(@) = § (ReMmP,) =§(MmIy (7-103)

Recalling from Eq. (6-18) that the mean-square noise current for a
diode receiver is the sum of the mean-square quantum. noise current, the
aient-rmltance thermal noise current, the dark noise current, and the
e-leakage noise current, we have

4E3~I B

primary (unmultiplied) photocurrent = % P,

primary bulk dark current

surface-leakage current

= excess photodiode noise factor =~ M*(0 < x < 1)

= effective noise bandwidth

R., = equivalent resistatice of photodetector load and amplifier
= noise figure of the Baseband amplifier

&
1

%
<
p—
1 |

e
I

- By a suitable choice of the p-h@t'oﬂctactor, the leakage current can be
iidered negligible. With this assumption, the signal-to-noise ratio S/N is

- e 5(RoMmP,)*
N iy 2q(RoP, + Ip)M>F(M)B + (4kTB/ Reg)F,
LI, Mm)®

(7-103)

= 24(I, + Ip)M2F(M)B + (4k 3 TB/ Reg)F,

for a pin photodiode we have M = |. When the optical power incident on the
photodiode is small, the circuit noise term dominates the noise current, so that

S 1m2!2 Lm? %5 P?
'[4ks TBfRaq]Fs {%BTBfReq)F:

dere, the signal-to-noise ratio is directly proportional to the square of the photo-
output current and inversely proportional to the thermal noise of the

(7-106)
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For large optical signals incident on a pin photodiode, the quantm"

associated with the signal detection process dominates, so that 3
B m:fp - @ P,
N~ 4gB~ 4gqB

Since the signal-to-noise ratio in this case is independent of the circuit noistid
represents the fundamental or quantum limit for analog receiver sensitivity.s

When an avalanche photodiode is employed at low signal levels and witl
low values of gain M, the circuit noise term dominates. At a fixed low signalll
as the gain is increased from a low value, the signal-to-noise ratio increases’
gain until the quantum noise term becomes comparable to the circuit noise
As the gain is increased further beyond this point, the signal-to-noise |
decreases as F(M)~'. Thus, for a given set of operating conditions, there
an optimum value of the avalanche gain for which the signal-to-noise ra
maximum, Since an avalanche photodiode increases the signal-to-noise ratio
small optical signal levels, it is the preferred photodetector for this situation.

For very large optical signal levels, the quantum noise term dominates
receiver noise. In this case, an avalanche photodiode serves no advantage, sin
the detector noise increases more rapidly with increasing gain M than the sign
level. This is shown in Fig. 7-21, where we compare the signal-to-noise ratio fe
pin and an avalanche photodiode receiver as a function of the received opti
power. The signal-to-noise ratio for the avalanche photodetector is at the op
mum gain (see Probs. 7-28 and 7-29). The parameter values chosen for (h§

70

60

Sk

=
i
1‘% P APD (5 MHz)
% APD (25 MHz) /
E 30
E |
i pin (5 MHz)
pin (25 MHz)

10} FIGURE 7-21 (
Comparison of the signal-to-noise
ratio for pin and avalanche photo-

0 ' diodes as a function of received opti-
=70 —60 —30 =40 ~30 20 —~10  cal power for bandwidths of § and
£ (dBm) 25 MHz.
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le are B = 5 MHz and 25 MHz, x = 0.5 for the avalanche photodiode and
pin diode, m = 80 percent, @y = 0.5 A/W, and Ryq/F; = 10* Q2. We see
low signal levels an avalanche photodiode yields a higher signal-to-noise

Q.7 a. Explain the implementation of an Analog Fibre Optic System. How will you

analyse the performance of analog system through CNR?
Answer:
il OVERVIEW OF ANALOG LINKS

e 01 shows the basic elements of an analog link. The transmitter contains
ther an LED or a laser diode optical source. As noted in Sec. 4.4 and shown In
fig. 4-15, in analog applications, one first sets a bias point on the source approxi-
@tely 11 the midpoint of the linear output region. The analog signal can then be
gt using one of several modulation techniques. The simplest form for optical
iber links is direct intensity modulation, wherein the optical output from the
purce is modulated simply by varying the current around the bias point in
ffoportion to the message signal level. Thus, the information signal is transmitted
irectly in the baseband.
¢ A somewhat more complex but often more efficient method is to translate

i€ baseband signal onto an electrical subcarrier prior to intensity modulation of
e source. This is done using standard amplitude-modulation (AM), frequency-
fiodulation (FM), or phase-modulation (PM) techniques.'®!! No matter which
method is implemented, one must pay careful attention to signal impairments in

fElative intensity noise (RIN) in the laser, and laser clipping.!?

In relation to the fiber-optic element shown in Fig. 9-1, one must take into
#iccount the frequency dependence of the amplitude, phase, and group delay in the-
per. Thus, the fiber should have a flat amplitude and group-delay response
Within the passband required to send the signal free of linear distortion. In addi-

larrier-to-noise performance of the system will change as a function of the
received optical power.

» The use of an optical amplifier in the link leads to additional noise, known
@ amplified spontaneous emission (ASE), as is described in Chap. 11. In the

Optical signal CHNR

Slectrical | / \ j Eﬁ;‘;ﬁcal
malog Optical Omptical &
g:utl 0 transmitter I - b amplifier
]fm o . ' . . - _' ‘ RF receiver
" » Harmonic distortion = Modal distortion = ASE noise + Shot noise

v Intermodulation » Antenuation « Thermal noise

* RIN * GVD » Amplifier noise

+ Laser clipping = APD gain noise
SURE 9%-1

i¢ elements of an anolog ink and the major noise contributors.
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optical receiver, the principal impairments are quantum or shot noise, APD g
noise, and thermal noise.

9.2 CARRIER-TO-NOISE RATIO

In analyzing the performance of analog systems, one usually calculates the rf
of rms carrier power to rms noise power at the input of the RF receiver. follg
-the photodetection process. This is known as the carrier-to-noise ratio {CN
us fook at some typical CNR values for digital and analog data. For digit
consider the use of frequency-shift keying (FSK). In this modulation sch
amplitude of a sinusoidal carrier remains constant, but the phase shlfll fror
frequency to another to represent binary signals. For FSK, BERs of 107?
10~15 translate into CNR values of 36 (15.6 dB) and 64 (18.0 dB), respecti
The analysis for analog signals is more complex, since it sometimes diipend
user perception of the signal quality, such as in viewing a television pictu
widely used analog signal is a 525-line studio-quality television signal.
amplitude modulation (AM) for such a signal requires a CNR of 56 d
the need for bandwidth efficiency leads to a high signal-to-noisé ratio. Frequengy
modulation (FM), on the other hand, only needs CNR values of 15-18 dB, =
If CNR; represents the carrier-to-noise ratio related to a pil‘ticlllal' SigT

signal impairments include laser intensity noise fluctuagions, laser clipping, pk
detector noise, and optical-amplifier noise. When multiple message chaan
ating at different carrier frequencies are sent simultaneously over the same
then harmonic and intermodulation distortions arise. Furthermore, the incl
of an optical amplifier gives rise to ASE noise. In principle, the three.d6
factors that cause signal impairments in a fiber link are shot noise, optical-
fier noise, and laser clipping.'> Most other degradation effects can be suffich
reduced or eliminated.

In this section, we shall first examine a simple single-channel ampli
modulated signal sent at baseband frequencies. Section 9.3 addresses multic
nel systems in which intermodulation noise becomes important. Problem
gives expressions for the effects of laser clipping and ASE noise.

b. Explain the following: (8)
(i) Multichannel Amplitude Modulation
(i) Subcarrier Multiplexing
Answer:
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)31 Multichannel Amplitude Modulation

flie initial widespread application of analog fiber optic links, which started in the
ite 1980s, was to CATV networks.'"!” These coax-based television networks
perate in a frequency range from 50 to 88 MHz and from 120 to 550 MHz.
he band from 88 to 120 MHz is not used, since it is reserved for FM radio
ast. The CATV networks can deliver over 80 amplitude-modulated vesti-
cband (AM-VSB) video channels, each having a noise bandwidth of 4
within a channel bandwidth of 6 MHz, with signal-to-noise ratios exceeding
1dB. To remain compatible with existing coax-based networks, a multichannel
AM-V5B format was also chosen for the fiber optic system.

' Figure 9-7 depicts the technique for combining N independent messages. An
fformation-bearing signal on channel i amplitude-modulates a carrier wave that
as a frequency f;, where i = 1,2..., N. An RF power combiner then sums these
¥ amplitude-modulated carriers to vield a composite frequency-division-multi-
plexed (FDM) signal which intensity-modulates a laser diode. Following the
optical receiver, a bank of parallel bandpass filters separates the combined car-
riers back into individual channels. The individual message signals are recovered
ftom the carriers by standard RF techniques.

© IETE

35



AE75 OPTOELECTRONICS AND COMMUNICATION DEC 2015

Compaosite
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FIGURE 9%-7

e
Standard technique for frequency-division multiplexing of N independent information-beaning s

For a large number of FDM carriers with random phases, the
on a power basis. Thus, for N channels the optical modulation index
to the per-channel modulation index m; by

20N

If each channel modulation index m; has the same value m,, then

m= mrNO .
Ab a rebult, whcn N 51gnals are f'requency multiplexed and used to
he carrier-to-noise ratio of a single channel is deg

lDlngN If' ﬁuly a ﬁzw Lhﬂﬁﬂﬂ]ﬁ are combined, the signals will add i
rather than power, so that the degradation will have a 20log N char
When multiple carrier frequencies pass through a nonlinear devie
laser diode, signal products other than the original frequencies can bc
As noted in Sec. 4.4, these undesirable signals are called intermodulati
and they can cause serious interference in both in-band and out-of-band
The result is a degradation of the transmitted signal. Among the inte
products, generally only the second-order and third-order terms are
since higher-order products tend to be significantly smaller.
Third-order intermodulaton (IM) distortion products at |
fi +f; — f« (which are known as triple-beat IM products) and 2f; —f; (W
— known as twa-tone third-order IM products) are the most dominant,
these fall within the bandwidth of a multichannel system. For exan
channel CATV network operating over a standard frequency range
373.25 MHz has 39 second-order IM products at 54.0 MHz and
order IM tones at 229.25 MHz. The amplitudes of the triple-beat p
3 dB higher than the two-tone third-order IM products. In addition,
are N(N — 1)}V — 2)/2 triple-beat terms compared with N(N — 1) two-
order terms, the triple-beat products tend to be the major source of IM
If a signal passband contains a large number of equally spaced
several IM terms will exist at or near the same frequency, This so
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TABLE 9-1
Distribution of the number of third-order triple-beat intermodulation products for
ihe number of channels V ranging from 1 to 8

=
-
bt
7]
o
h
=4
-1
@

1 0
1 0 0
3 0 1 ]
4 1 2 2 1
] 2 4 4 4 2
6 4 6 T 7 6 4
i b g 10 8] 10 9 6
A 9 12 14 15 15 14 12 9

‘Slacking is additive on a power basis. For example, for N equally spaced equal-
3 -: piltude carriers, the number of third-order IM products that fall right on the
rth carrier is given by'®!?

Dz =N =231 - =D")-1} (9-15)
Hor two-tone terms of the type 2f; — £, and by
Dipa=5(N —r+ D)+ =37 =541 - DI} (9-16)

or triple-beat terms of the type f; +f; — fx-

Whereas the two-tone third-order terms are fairly evenly spread through the
‘operating passband, the triple-beat products tend to be concentrated in the middle
‘of the channel passband, so that the center carriers receive the most intermodula-

tio interference. Tables 9-1 and 9-2 show the distributions of the third-order
Unfe-beat and two-tone IM products for the number of channels N ranging
rowé 1 to 8.

..Dktrllmtion of the number of third-order two-tone intermodulation products for the
- humber of channels V ranging from 1 to 8

ihr 1 2 3 4 5 6 7 8
_‘;1- 0
\2 0 0
3 I (i} |
4 1 1 1 1
] 2 1 2 1 2
R 5 2 2 2 2 2 2
b‘,? 3 2 3 2 3 2 3
_EB 3 3 3 3 3 3 3 3
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The results of beat stacking are commonly referred to as comiposite
order (CSO) and composite triple beat (CTB), and arc used to des
performance of multichannel AM links. These are defined as™

= peak carrier power
CS0 = - :
peak power in composite 2nd-order IM tone

and

peak carrier power -
~ peak power in composite 3rd-order IM tone

93.3 Subcarrier Multiplexing

There is also greal interest in using RF or microwave subcarrier multiplexing for

f‘ii h-capacity lightwave syste ,';2'35"!_fﬁé.j:éitﬂ_l..;uhmcrlbr.muflﬁ’{@ﬂ#ﬂjscm?s
used to describe the capability of multiplexing both multichannel analog and

Dital signals within _i- NE_SYSLE
. igure 9-12 shows the basic concept of an SCM system. The input to the
transmitter consists of a mixture of N independent analog and digital baseband

S e

..;i-'“‘ s. These signals can garry either voice, data, video, digital audio, high-defi-
nition video, or any other analog or digital informatio ch_incoming signal
5i{r) is mixed with a local oscillator (LO) having a frequency f;. The local oscillator

lfrequencies employed are in the 2-to-8-GHz range and are known as the subcar-
riers. Combining the modulated subcarriers gives a composite frequency-division-
multiplexed signal which is used to drive a laser diode.

At the receiving end, the optical signal is directly detected with a high-speed

wideband InGaAs pin photodiode and reconverted to a microwave signal. For

long-distance links, one can also employ a wideband InGaAs avalanche pﬁujt_u:
(diode with a 50- to 80-GHz gain-bandwidth product or use an optical preampli-

fier. For amplifying the received microwave signal, one can use a commercially
available wideband low-noise amplifier or a pin-FET receiver.

=g}

Modulated carriers

e i %
(1) . /
g

]
S (local
oscillator )

I: RF electronics 'r-. Fiber optic ln.nsmim:rl-l

FIGURE 912 1
Basic concept of subcarrier multiplexing. One can simultaneously send analog and d;gid signals
frequency-division multiplexing them on different subcarner frequencies.
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Q.8 a. Explain the following terms in context with Point - to - Point Links for
Digital Transmission:
(i) Link Power Budget
(il) Rise Time Budget
(iii) Short Wavelength Band (8)
Answer:

.12 Link Power Budget

fical power loss model for a point-to-point link is shown in Fig. 8-2. The

power received al___iﬁ;__phql_g@etectﬁ? ‘depends on the amount of light
d into the fiber and the losses occurring in the fiber and at the connectors

ices. The link loss budget is derived from the sequentialToss contributions

P

loss = 10 log =22 (8-1)
Pip

ftlement, Tespectively. '

In addition to the link loss contributors shown in Fig. 8-2, a link power

fmargin is normally provided in the analysis to allow for component aging, tem-

ferature fluctuations, and losses arising from components that might be added at

ted to have additional components incorporated into the link in the future.

E The link loss bud get simply considers the total optical power loss Py that is
between the light source and the photodetector, and allocates this loss to
gable attenuation, connector loss, splice loss, and system margin. Thus, if Pg is the
loptical power emerging from the end of a fiber flylead attached to the light source,
find if P is the receiver sensitivity, then

Pr=Ps— Py
= 2l + ay L + system margin (8-2)
Transmitter Receiver
Splices Optical fibers
Connector Connector
Optical Photon
source y E a || o detector
| -3 L 2.
Fiber
flylead
Connector (optional)
FIGURE 8-2

Optical power loss model for a point-to-point link. The losses occur at connectors (1.), at splices [.'_,FJ,
and in the fiber {ay).
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Here, /. is the connector loss, ar is the fiber attenuation (dB/km), List
transmission distance, and the system margin is nominally taken as 6 dB. He
assume that the cable of length I has connectors only on the ends and
between. The splice loss is incorporated into the cable loss for simplicity:

8.1.3 Rise-Time Budgel

A rise-time budget a convenient method for determining

limitation of an optical fiber link. This is pal'tlculal']}-' useful for di _gla,l_w

this approach, the total rise time fy, of the link is the root sum s
times from each contributor #; to the pulse rise-time deg_adatton.

e G 100
by = (E rf)
i=1

time is related enly to GVD. Generally, the total I‘.ransltmn time df:graclatmn of _'
digital link should not exceed 70 percent of an NRZ (non-return-to-zero) _'
period or 35 percent of a bit period for RZ (return-to-zero) data, where one bit
period is defined as the reciprocal of the data rate (NRZ and RZ data formats are
discussed in more detail in Sec. 8.2). _

The rise times of transmitters and receivers are generally known to the
designer. The transmitter rise time is attributable primarily to the light source
and its drive circuitry. The receiver rise time results from the photodetector
response gnﬂ the 3-dB electrical bandwidth of the receiver front end. The respunsﬁ
of the receiver front end can be modeled by a first-order lowpass filter having a
step response”

gt) = [ — exp(—2m By t)Ju(r)

© IETE 40



AE75 OPTOELECTRONICS AND COMMUNICATION

DEC 2015

r: tha reccivﬂr front-end rise time in nanuscmm:l_s is (see Prob. 8-3)

350

x— g
B,

(3-4)

_ : In practice, an optical fiber link seldom consists of a uniform, continuous,
itless fiber. Insicad, a transmission link nominally is formed from several
icongatenated (tandemly joined) fibers that may have different dispersion charac-
teriftics. This is especially true for dispersion-compensated links operating at 10
iGbfs and higher (see Chap. 12). In addition, multimode fibers experience modal
_,ti‘ihutiﬂns at fiber-to-fiber joints owing to misaligned joints, different core
index profiles in each fiber, and/or different degrees of mode mixing in individual
Hibers. Determining the fiber rise times resulting from GVD and modal dispersion
'the. becomes more complex than for the case of a single uniform fiber.

The fiber rise time (Gyp resulting from GVD over a length L can be approxi-

@atﬂdm -54) as

igvp = |D|La; (8-5)

a; is the half-power spectral width of the source, and the dispersion D is
given by Eq. (3-57) for a non-dispersion-shifted fiber and by Eg. (3-59) for a
dispersion-shifted fiber. Since the dispersion value generally changes from fiber
gection to section in a long link, an average value should be used for D in

(8-3).
1The difficulty in predicting the bandwidth (and hence the modal rise time) of
a'sgries of concatenated multimode fibers arises from the observation that the
total route bandwidth can be a function of the order in which fibers are joined.
Flir example, instead of randomly joining together arbitrary (but very similar)
fibers, an improved total link bandwidth can be obtained by selecting ad_fmnmg
fibers with alternating over- and undercompensated refractive-index profiles to
provide some modal delay equalization. Although the ultimate concatenated fiber
bandwidth can be obtained by judiciously selecting adjoining fibers for optimum
modal delay equalization, in practice this is unwieldy and time-consuming, partic-
ularly since the initial fiber in the link appears to control the final link character-
cs.
A variety of empirical expressions for modal dispersion have thus been
Eveluped 1015 From practical field experience, it has been found that the band-
dth By in a link of length L can be expressed to a reasonable approximation by
the empirical relation

B

Bu(L) =14 (8-6)
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where the parameter g ranges between 0.5 and 1, and By is the bandwidth of
1-km length of cable. A value of 4= 0.5 indicates that a steady-state-moda
equilibrium has been reached, whereas g = | indicates little mode mmn&
on field experience, a reasonable estimate is g = 0.7.

Another expressmn that has been proposed for By, based on curve fi

experimental data, is
1 < %l i
o [Z(E) ]

where the parameter ¢ ranges between 0.5 (quadrature addition) and 1.0 {ling
addition), and B, is the bandwidth of the nth fiber section. Alternatively, Eq :
can be written as A

N 1
() = [Zm)'”]
=1

where £3;(/N) is the pulse broadening occurring over N cable sections in which the
individual pulse broadenings are given by #,.

We now need to find the relation between the fiber rise time and{he 3B
bandwidth. For this, we use a variation of the expression derived by: Midwi'n ;
We assume that the optical power emerging from the fiber has a . gaussian tem-
poral r response described by

—/202
gl =——e
2o
where o is. : 3
The Fourier transform of this function is -
5 ;i.
Glw) = —mme 2712 o3
a LT

From Eq. (8-9) the time f;,; required for the pulse to reach its half-max
value; that is. the fime re-._quire_ﬂln have

g(t12) = 0.5g€0)
is given by N ' - . 8
2 = (2In2)"%e

If we define the time tpwwm as the full width of the pulse at its half-maximum
value, then

tewHM = 2!\_,'1 = 20’(21t12}lﬂ

valu J_Ihus fmm Eqs [8-1{}} and (8-13), we find that thr.: relation between hie
ull-w:dth half-maximum rise time 1€ fFwiM 3 and the 3-dB optical bandwidth is
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0.44
FFrwHM

Jids = Bagp = (8-14)

p—

Using Eq. (8-6) for the 3-dB optical bandwidth of the fiber link and letting
Bwem be the rise time resulting from modal dispersion, then, from Eq. (§8-14),

044 044L7

Liiod = —— = (8-15)
< By By
If tmog 1s expressed in nanoseconds and By is given in megahertz, then
2 440 440L7 |
[ == 8-16
" " Bu_ B im0

S

::,.f‘= ing Eqs. (3-20), (8-4), and (8-16) into Eq. (8-3) gives a total system rise

~

o A a2 5 LFF
dyys = |_I.'_a.' T lned Tigwp T f”]

. 12
gy 2 2
= {!f\f e (442[;[’ ) - DzﬁiLz 3 (?) } (8-17)

Where all the times are given in nanoseconds, oy, 1s the half-power spectral width of
plie source, and the dispersion D [expressed in ns/(nm - km)] is given by Eq: (3-57)
i0r a non-dispersion-shifted fiber and by Eq. (3-59) for a dispersion-shifted fiber.
In the 800-£0-900-nm region, D is about 0.07 ns/(nm » km), which is principally
ﬂue to material dispersion, so that ¢ *G‘»u- R ey = H,mlo‘,\l Much smaller values
8f D are seen in the 1300- and 1550-nm window (see Fig. 3-26).

b. What do you understand by error correction & detection in optical fibre
communication? Enlist all the techniques employed for correction &
detection purpose. Explain one for each. (8)

Answer:

83 ERROR CORRECTION ‘
Fot high-speed broadband networks. the data Iranmnmmon rchahlbgy ;xmmiad

ﬁ ﬂmpaﬂ m.l‘omuf af Lﬁc .tm!'wanl’ must mmpcnsa.l.’c for the differ-

lhe bit-loss rate. The two basic schemes for improving the reliability are
¢ repear reguest (ARQ) and forward error correction (FEC).”** The

emes have been used for many years and are widely implemented. As

7 Fii. 10, the technique uses a feedback channel between the receiver
ST to request message relransmission in case errors are detected

i’mr Since each such retransmission adds at least one roundtrip time of

IRQ may not be feasible for applications that require low latency.

we applications are voice and video services that involve human inter-

wss control, and remote sensing in which data must arnve within a

in order to be useful.
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hortcomings of ARQ for high band-
redundant

ime of the

used 1o

is small, so the

1aing effi-

of FEC code properties

1aracter-

~ode used

are desig-
m plus the
de a (224,
(255, 239)
Hamming

gs. 8-11 and 3-12. Figure

data is from

#00 nm. The

levels of

re injected at the receiver decision point
performance improvement

ecreases. For example, at a 107
factor of dbmu 25, whereas at a 10~
FEC decreases by a factor of about

n of the
the per-

Q.9 a. Define WDM? With the help of schematic, explain the operational
principles of WDM. (8)
Answer:

A powerful aspect of an optical communication link is that many different wave-
lengths can be sent along a single fiber simultaneously in the 1300-to-1600-nm
spectral band, The technology of mmhmmg a number of wavelengths onto
the same fiber is known as Wavef(’ﬁglﬁ (fr'l.’L':HJ‘H mm‘!ep:‘e xing_or WDM. =
Conceptually, the WDM scheme is the same as frequency-division multiplexing
(FDM) used in microwave radio and satellite systems. Just as in FDM, the
wavelengths (or optical frequencies) in WDM must be properly spaced to avnid
interchannel interference, The key system features of WDM are as follows: é:':';
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10.1 OPERATIONAL PRINCIPLES OF WDM

In standard point-to-point links a single fiber line has one optical source at’
transmitting end and one photodetector at the receiving end. Signals from
ent light sources use separate and uniquely assigned optical fibers. Since an
source has a narrow linewidth, this type of transmission makes use of only 2 ¥
narrow portion of the transmission bandwidth capability of a fiber.
To see the potential of WDM, let us first examine the characteri
high-quality optical source. As an example, the modulated output of a DFB
has a frequency spectrum of 10-50 MHz, which is equivalént to a nominal
tral linewidth of 10~ nm, When using such a source, a guard band of 0.4-1.
is typically employed. This is done to take into account possible drifts df the
wavelength due to aging or temperature effects, and to give both the magufac
and the user some leeway in specifying and choosing the precise peak en
wavelength. With such spectral bandwidths, simplex systems make u!é_q
small portion of the transmission bandwidth capability of a standard fibet. Th
can be seen from Fig. 10-1, which depicts the attenuation of light in a dilica
as a function of wavelength. The curve shows that the two low-loss fégions
single-mode fiber extend over the wavelengths ranging from about 1290 to
nm (the 1310-nm window) and from 1480 to 1600 nm (the 1550-nm w
However, note the wider window of AllWave® fibers in Fig. 3-1. '
We can view these regions either in terms of spectral width (the wav
band occupied by the light signal and its guard band) or by means-of op
bandwidth (the frequency band occupied by the light signal). To find the
bandwidth corresponding to a particular spectral width in these regiohs, we use
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The transmission bandwidths in the 1310-nm and 1550-nm windows allow the use of many simult-
“antous channels for sources with narrow spectral widths. The ITU-T standard for WDM specifies
‘channels with 100-GHz spacings. Also, see Fig. 3-1 for water-free AllWave™ fiber.

| the relationship
where ¢ is th

[Av] = (liz)mu (10-1)

where the deviation in frequency Av corresponds to the wavelength deviation AA
around 1. From Eq. (10-1), the optical bandwidth 1s Av = 14 THz for a usable
spectral band A) = 80 nm in the 1310-nm window. Similarly, Av = 15 THz for a
usable spectral band AX = 120 nm in the 1550-nm window. This yields a total
available fiber bandwidth of about 30 THz in the two low-loss windows.

Since the spectral width of a high-quality source occupies only a narrow
optical bandwidth, the two low-loss windows provide many additional operating
fegions. By i ber of light sources, each emitting at a different peal
wavelength
lerence, the integrities of t
tained for sub

b. Briefly explain the following:- (any TWO)
(i) SOA
(i) SDH/SONET
(iii) Optical CDMA
Answer:
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11.2- SEMACONDUCTOR OPTICAL
AMPLIFIERS

The two major types of SOAs are the resonant, Fabry-Perot amplifier (FPA) ans
the nonresonant, traveling-wave amplifier (TWA)L™? In an FPA, the two cleaved
facets of a semiconductor crystal act as partially roflective end mirrors that forma
Fabry-Perot cavity.”!® The natural reflectivity of the facets is appmmmamljfﬁ
percent. This is sometimes enhanced by means of a reflective dielectric coa
deposited on the ends. When an optical signal enters the FPA, it gets amplified aﬁ'

chem wsoLAUL LUK UFTICAL AM

3 back and forth between the mirrors until it is emitted at a higher
. Although FPAs are easy to fabricate, the optical signal gain is very
¢ to variations in amplifier temperature and input optical frequency.
they require very careful stabilization of temperature and injection current.
| The structure of a traveling-wave amplifier is the same as that of an FPA
gt that the end facets are either antireflection-coated or cleaved at an angle, so
tinternal reflection does not take place. Thus, the input light gets amplified
yonce during a single pass through the TWA. These devices have been used
dely than FPAs because they have a large optical bandwidth, high satura-
er, and low polarization sensitivity. Since the 3-dB bandwidth of TWAs
three orders of magnitude greater than that of FPAs, TW As have become
A of choice for networking applications. In particular, TWAs are used as
ers in the 1300-nm window and as wavelength converters in the 1550-nm
n. For most cases, recent literature on optical fiber systems uses the term
" without qualification, for traveling-wave semiconductor optical ampli-
this section, we will concentrate on TWAs only. , f%

SONET/SDH

fith the advent of fiber optic transmission lines, the next step in the evolution of
digital time-division-multiplexing (TDM) scheme was a standard signal for-
1at called synchronous optical network (SONET) in North Americs and spwodro-
ous digisal dnemarcty (SPHT) in other parts of the world. This section addresses
basic concepts of SONET/SDH, its optical interfaces, and fundamental net-
rk implementations. The aim hese is fo discuss onfy the physical-layer aspects
0f SONET/SDH as they refate to optical transmission lines and optical networks.
Topics such as the detailed data format structure, SONET/SDH operating spec-
ficationts, and the relationships of switching methodologies such as asynchronous
ansfer mode (ATM) with SONET/SDH are beyond the scope of this text. These
in be found in memerous sources, such as those [isted in Refs. 13-15. z/’)

3
b
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128 OPTICAL CDMA

In long-haul optical fiber transmission links and networks, the information co
sists of a multiplexed aggregate data stream originating from many indivi
subscribers and normally is sent in a well-timed synchronous format, The

goal of this TDM process is to make maximum use of the available optical
bandwidth for information transmission, since the multiplexed infs

stream requires very high-capacity links. To increase the capacity even

WDM techniques that make use of the wide spectral transmission window
optical fibers are employed. As an alternative to these technigques in a M
area network (LAN), optical code-division multiple access (CDMA) has
examined.”*'% This scheme can provide multiple access to a network witho#
using wavelength-sensitive components as in WDM, and without employing ﬁ!f
high-speed electronic data-processing devices as are needed in TDM networks. In’
the simplest configuration, CDMA achieves multiple access by assigning a

code to each user. To communicate with another node, users imprint their agreed-
upon code onto the data. The receiver can then decode the bit stream by locking
onto the same code sequence.

The principle of optical CDMA is based on spread-spectrum tﬁchm::gueq,
which have been widely used in mobile-satellite and digital-cellular Cﬂ[ﬂmuﬂma{-}
tion systems.'® The concept is to spread the energy of the optical signal over a
frequency band that is much wider than the minimum bandwidth required ta
the information. For example, a signal that conveys 10? b/s may be spread over a
| MHz bandwidth. This spreading is done by a code that is independent of the
signal itself. Thus, an optical encodér is used to map each bit of information into &
high-rate (longer -:odc—len,gth} optical sequence.

The symbols in the spreading code are called chips, and the energy density of
the transmitted waveform is distributed more or less uniformly over the entife
spread-spectrum bandwidth. The set of optical sequences becomes a set of unique
address codes or signature sequences for the individual network users. In this
addressing scheme, each |1 data bit is encoded into a waveform or signature
sequence s(n) consisting of N chips, which represents the destination address of
that bit. The 0 data bits are not encoded. Ideally, all of the signature sequences
would be mutually orthogonal, and each receiver would process only the address
signals intended for it. However, in practice, “nearly orthogonal” is the best that
has been accomplished. Consequently, there is some amount of cross correlation
between the various addresses. Figure 12-45 illustrates the encoding scheme. Here,
the signature sequence contains six chips. When the data signal contains a 1 data
bit, the six-chip sequence is transmitted; no chips are sent for a 0 data bit.

From a simplistic point of view, this unique address-encoding scheme can be
considered analogous to having numerous pairs of people, in the same room,
talking simultaneously using different languages. Ideally, each communicating
pair will understand only their own language, so that interference generated by
other speakers is minimal. Thus, time-domain optical CDMA allows a number of
users to access a network simultaneously through the use of a common wave-
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lenath. This is particularly useful in ultrahigh-speed LANs where bit rates of more
-! an 100 Gb/s will be utilized (see Sec. 12.9). A basic limitation of optical CDMA
using a coded sequence of pulses is that as the number of users increases, the code
iﬁlgth has to be increased in order to maintain the same performance. Since this
eads to shorter and shorter pulses, various ideas for mitigating this effect have
been proposed. Alternatively, frequency-domain methods based on spectral
lencoding of broadband incoherent sources (e.g., LEDs or Fabry-Perot lasers)
 have been proposed.'®!'"

' Both asynchronous and synchronous optical CDMA techniques have been
texamined. Each of these has its strengths and limitations. In general, since syn-
ithronous accessing schemes follow rigorous transmission schedules, they produce
tmore successful transmissions (higher throughputs) than asynchronous methods
‘where network access is random and collisions between users can occur. In appli-
tations that require real-time transmission, such as voice or interactive video,
synchronous accessing techniques are most efficient. When the traffic tends to
be bursty in nature or when real-time communication requirements are relaxed,
‘such as in data transmission or file transfers, asynchronous multiplexing schemes
are more efficient than synchronous multiplexing.

Figure 12-46 shows an optical CDMA network that is based on the use of a
coded sequence of pulses. The setup consists of N transmitter and receiver pairs
interconnected in a star network. To send information from node / to node k, the
address code for node k is impressed upon the data by the encoder at node ;. At
the destination, the receiver differentiates between codes by means of correlation
detection. That is, each receiver correlates its own address f(n) with the received
signal s(n). The receiver output r(n) is

M'\
rin) = s(k)f (k ~n) (12-56)
=]

If the received signal arrives at the correct destination, then s(n) = f(n), and Eq.
(12-56) represents an autocorrelation function. At an incorrect destination,
s(n) # f(n), and Eq. (12-56) represents a cross-correlation function. For a receiver
to be able to distinguish the proper address correctly, it is necessary to maximize
the autocorrelation function and minimize the cross-correlation function. This is
accomplished by selecting the appropriate code sequence.
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FIGURE 12-46
Example of an optical CDMA network based on using a coded sequence of pulses.

Prime-sequence codes and optical orthogonal codes (OOCs) are the com-
monly used spreading sequences in optical CDMA systems.'®®!'%® In addition,
bipolar codes have been investigated.!%!'%'!2 These are particularly suitable
for hybrid WDMA/CDMA systems. As noted earlier, some amount of cross
correlation exists among the various optical sequences, since the codes devised
so far are not perfectly orthogonal. In optical orthogonal codes, for example,
there are many more zeros than ones in order to minimize the overlap of different
code sequences. If the code words overlap in too many positions, then interference
among users will be high. In an OOC system the number of simultaneous users N

is bounded b}rg“
F—1
N o R .
= Lﬁx = t}J

where F is the length of the code sequence and K is the weight or the number of
ones in the sequence. Here, the symbol |x] denotes the integer portion of the real
value of x. .

(12-57)

TEXT BOOK

. Optical Fiber Communications, Gerd Keiser, 3 Edition, McGraw Hill Publications, 2000

© IETE

50



