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Preface

The field of fiber-optic communications has advanced significantly over the last three decades. In the early
days, most of the fiber’s usable bandwidth was significantly under-utilized as the transmission capacity was
quite low and hence, there was no need to apply techniques developed in non-optical communication sys-
tems to improve the spectral efficiency. However, with the recent revival of coherent detection, high spectral
efficiency can be realized using advanced modulation formats.

This book grew out of our notes for undergraduate and graduate courses on fiber-optic communications.
Chapters 1 to 6 discuss, in depth, the physics and engineering applications of photonic and optoelectronic
devices used in fiber-optic communication systems. Chapters 7 to 11 focus on transmission system design,
various propagation impairments, and how to mitigate them.

Chapters 1 to 7 are intended for undergraduate students at the senior level or for an introductory gradu-
ate course. The sections with asterisks may be omitted for undergraduate teaching or they may be covered
qualitatively without the rigorous analysis provided. Chapters 8 to 11 are intended for an advanced course
on fiber-optic systems at the graduate level and also for researchers working in the field of fiber-optic com-
munications. Throughout the book, most of the important results are obtained by first principles rather than
citing research articles. Each chapter has many worked problems to help students understand and reinforce
the concepts.

Optical communication is an interdisciplinary field that combines photonic/optoelectronic devices and
communication systems. The study of photonic devices requires a background in electromagnetics. There-
fore, Chapter 1 is devoted to a review of electromagnetics and optics. The rigorous analysis of fiber modes
in Chapter 2 would not be possible without understanding the Maxwell equations reviewed in Chapter 1.
Chapter 2 introduces students to optical fibers. The initial sections deal with the qualitative understanding of
light propagation in fibers using ray optics theory, and in later sections an analysis of fiber modes using wave
theory is carried out. The fiber is modeled as a linear system with a transfer function, which enables students
to interpret fiber chromatic dispersion and polarization mode dispersion as some kind of filter.

Two main components of an optical transmitter are the optical source, such as a laser, and the optical mod-
ulator, and these components are discussed in Chapters 3 and 4, respectively. After introducing the basic
concepts, such as spontaneous and stimulated emission, various types of semiconductor laser structures are
covered in Chapter 3. Chapter 4 deals with advanced modulation formats and different types of optical mod-
ulators that convert electrical data into optical data. Chapter 5 deals with the reverse process — conversion
of optical data into electrical data. The basic principles of photodetection are discussed. This is followed
by a detailed description of common types of photodetectors. Then, direct detection and coherent detection
receivers are covered in detail. Chapter 6 is devoted to the study of optical amplifiers. The physical principles
underlying the amplifying action and the system impact of amplifier noise are covered in Chapter 6.



xvi Preface

In Chapters 7 and 8, the photonics and optoelectronics devices discussed so far are put together to form a
fiber-optic transmission system. Performance degradations due to fiber loss, fiber dispersion, optical ampli-
fier noise, and receiver noise are discussed in detail in Chapter 7. Scaling laws and engineering rules for
fiber-optic transmission design are also provided. Performance analysis of various modulation formats with
direct detection and coherent detection is carried out in Chapter 8.

To utilize the full bandwidth of the fiber channel, typically, channels are multiplexed in time, polarization
and frequency domains, which is the topic covered in Chapter 9. So far the fiber-optic system has been treated
as a linear system, but in reality it is a nonlinear system due to nonlinear effects such as the Kerr effect and
Raman effect. The origin and impact of fiber nonlinear effects are covered in detail in Chapter 10.

The last chapter is devoted to the study of digital signal processing (DSP) for fiber communication sys-
tems, which has drawn significant research interest recently. Rapid advances in DSP have greatly simplified
the coherent detection receiver architecture — phase and polarization alignment can be done in the electrical
domain using DSP instead of using analog optical phase-locked loop and polarization controllers. In addi-
tion, fiber chromatic dispersion, polarization mode dispersion and even fiber nonlinear effects to some extent
can be compensated for using DSP. About a decade ago, these effects were considered detrimental. Different
types of algorithm to compensate for laser phase noise, chromatic dispersion, polarization mode dispersion
and fiber nonlinear impairments are discussed in this chapter.

Supplementary material including PowerPoint slides and MATLAB coding can be found by following
the related websites link from the book home page at http://eu.wiley.com/WileyCDA/WileyTitle/productCd
-0470518677.html.
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1

Electromagnetics and Optics

1.1 Introduction

In this chapter, we will review the basics of electromagnetics and optics. We will briefly discuss various
laws of electromagnetics leading to Maxwell’s equations. Maxwell’s equations will be used to derive the
wave equation, which forms the basis for the study of optical fibers in Chapter 2. We will study elementary
concepts in optics such as reflection, refraction, and group velocity. The results derived in this chapter will
be used throughout the book.

1.2 Coulomb’s Law and Electric Field Intensity

In 1783, Coulomb showed experimentally that the force between two charges separated in free space or
vacuum is directly proportional to the product of the charges and inversely proportional to the square of the
distance between them. The force is repulsive if the charges are alike in sign, and attractive if they are of
opposite sign, and it acts along the straight line connecting the charges. Suppose the charge ¢ is at the origin
and g, is at a distance r as shown in Fig. 1.1. According to Coulomb’s law, the force F’, on the charge g, is

_ 4919 r

F - )
27 4zer?

(1.1)

where r is a unit vector in the direction of r and e is called the permittivity that depends on the medium in
which the charges are placed. For free space, the permittivity is given by

€y = 8.854 x 10712 C? /Nm?. (1.2)

For a dielectric medium, the permittivity € is larger than ¢,. The ratio of the permittivity of a medium to the

permittivity of free space is called the relative permittivity, e,.,

— =g, (1.3)
€0

It would be convenient if we could find the force on a test charge located at any point in space due to a given
charge g,. This can be done by taking the test charge g, to be a unit positive charge. From Eq. (1.1), the force
on the test charge is q

1

E=h= e

(1.4)

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.



2 Fiber Optic Communications

F;

(12/

q N

Figure 1.1 Force of attraction or repulsion between charges.

The electric field intensity is defined as the force on a positive unit charge and is given by Eq. (1.4). The
electric field intensity is a function only of the charge ¢, and the distance between the test charge and ¢ .

For historical reasons, the product of electric field intensity and permittivity is defined as the electric flux
density D,

q1
D=¢cE = r. 1.5
4rr? (1.5)

The electric flux density is a vector with its direction the same as the electric field intensity. Imagine a sphere
S of radius r around the charge ¢, as shown in Fig. 1.2. Consider an incremental area AS on the sphere. The
electric flux crossing this surface is defined as the product of the normal component of D and the area AS.

Flux crossing AS = Ay = D,AS, (1.6)

where D, is the normal component of D. The direction of the electric flux density is normal to the surface of
the sphere and therefore, from Eq. (1.5), we obtain D, = g, /4zr?. If we add the differential contributions to
the flux from all the incremental surfaces of the sphere, we obtain the total electric flux passing through the

sphere,
W= /du/ = %DndS. (1.7)
S

As
(a) (b)

Figure 1.2 (a) Electric flux density on the surface of the sphere. (b) The incremental surface AS on the sphere.
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Since the electric flux density D, given by Eq. (1.5) is the same at all points on the surface of the sphere, the
total electric flux is simply the product of D, and the surface area of the sphere 4772,

Y= }{DndS =N X surface area = ¢. (1.8)
s 4rr?
Thus, the total electric flux passing through a sphere is equal to the charge enclosed by the sphere. This is
known as Gauss’s law. Although we considered the flux crossing a sphere, Eq. (1.8) holds true for any arbitrary
closed surface. This is because the surface element AS of an arbitrary surface may not be perpendicular to
the direction of D given by Eq. (1.5) and the projection of the surface element of an arbitrary closed surface
in a direction normal to D is the same as the surface element of a sphere. From Eq. (1.8), we see that the
total flux crossing the sphere is independent of the radius. This is because the electric flux density is inversely
proportional to the square of the radius while the surface area of the sphere is directly proportional to the
square of the radius and therefore, the total flux crossing a sphere is the same no matter what its radius is.
So far, we have assumed that the charge is located at a point. Next, let us consider the case when the charge
is distributed in a region. The volume charge density is defined as the ratio of the charge ¢ and the volume
element AV occupied by the charge as it shrinks to zero,

P (1.9)

= lim —.

AV=0 AV

Dividing Eq. (1.8) by AV where AV is the volume of the surface S and letting this volume shrink to zero,
we obtain

li IoDudS 1.10

AN A (1.10)

The left-hand side of Eq. (1.10) is called the divergence of D and is written as

divD=V-D= i #sDudS 1.11
WD=V-D = fim Ty Ay
Eq. (1.11) can be written as

div D = p. (1.12)

The above equation is called the differential form of Gauss’s law and it is the first of Maxwell’s four equations.
The physical interpretation of Eq. (1.12) is as follows. Suppose a gunman is firing bullets in all directions,
as shown in Fig. 1.3 [1]. Imagine a surface S, that does not enclose the gunman. The net outflow of the
bullets through the surface S, is zero, since the number of bullets entering this surface is the same as the
number of bullets leaving the surface. In other words, there is no source or sink of bullets in the region S;. In
this case, we say that the divergence is zero. Imagine a surface S, that encloses the gunman. There is a net
outflow of bullets since the gunman is the source of bullets and lies within the surface S,, so the divergence
is not zero. Similarly, if we imagine a closed surface in a region that encloses charges with charge density p,
the divergence is not zero and is given by Eq. (1.12). In a closed surface that does not enclose charges, the
divergence is zero.

1.3 Ampere’s Law and Magnetic Field Intensity

Consider a conductor carrying a direct current /. If we bring a magnetic compass near the conductor, it will
orient in the direction shown in Fig. 1.4(a). This indicates that the magnetic needle experiences the magnetic
field produced by the current. The magnetic field intensity H is defined as the force experienced by an isolated
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Figure 1.3 Divergence of bullet flow.

W o g 1 ( DH
i I L

BN |
@l

L,
(a) (b)

Figure 1.4 (a) Direct current-induced constant magnetic field. (b) Ampere’s circuital law.

unit positive magnetic charge (note that an isolated magnetic charge g,, does not exist without an associated
—g,,), just like the electric field intensity E is defined as the force experienced by a unit positive electric charge.

Consider a closed path L; or L, around the current-carrying conductor, as shown in Fig. 1.4(b). Ampere’s
circuital law states that the line integral of H about any closed path is equal to the direct current enclosed by
that path,

j[{H-dL: H-dL=1 (1.13)
L L,

The above equation indicates that the sum of the components of H that are parallel to the tangent of a closed
curve times the differential path length is equal to the current enclosed by this curve. If the closed path is a
circle (L) of radius r, due to circular symmetry, the magnitude of H is constant at any point on L, and its
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direction is shown in Fig. 1.4(b). From Eq. (1.13), we obtain

j{ H - dL = H X circumference = (1.14)
Ly
or
1
H=—. (1.15)
2xr

Thus, the magnitude of the magnetic field intensity at a point is inversely proportional to its distance from the
conductor. Suppose the current is flowing in the z-direction. The z-component of the current density J, may
be defined as the ratio of the incremental current A/ passing through an elemental surface area AS = AXAY
perpendicular to the direction of the current flow as the surface AS shrinks to zero,

7= lim 22 (1.16)
The current density J is a vector with its direction given by the direction of the current. If J is not perpendicular
to the surface AS, we need to find the component J,, that is perpendicular to the surface by taking the dot

product
J,=J-n, (1.17)

where n is a unit vector normal to the surface AS. By defining a vector AS = ASn, we have
J,AS =] - AS (1.18)

and the incremental current A/ is given by
Al =]J-AS. (1.19)

The total current flowing through a surface S is obtained by integrating,

I=/J-dS. (1.20)
N

%H-sz/J-dS, (1.21)
L1 N

where S is the surface whose perimeter is the closed path L.
In analogy with the definition of electric flux density, magnetic flux density is defined as

Using Eq. (1.20) in Eq. (1.13), we obtain

B = uH, (1.22)
where y is called the permeability. In free space, the permeability has a value
Ho = 47 x 107 N/A?, (1.23)

In general, the permeability of a medium y is written as a product of the permeability of free space y and a
constant that depends on the medium. This constant is called the relative permeability u,.,

M= HoH,- (1.24)
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The magnetic flux crossing a surface S can be obtained by integrating the normal component of magnetic flux
density,

Y = /BndS. (1.25)
s

If we use Gauss’s law for the magnetic field, the normal component of the magnetic flux density integrated
over a closed surface should be equal to the magnetic charge enclosed. However, no isolated magnetic charge
has ever been discovered. In the case of an electric field, the flux lines start from or terminate on electric
charges. In contrast, magnetic flux lines are closed and do not emerge from or terminate on magnetic charges.
Therefore,

Y, = /B,ldS =0 (1.26)
s
and in analogy with the differential form of Gauss’s law for an electric field, we have
div B = 0. (1.27)

The above equation is one of Maxwell’s four equations.

1.4 Faraday’s Law

Consider an iron core with copper windings connected to a voltmeter, as shown in Fig. 1.5. If you bring a
bar magnet close to the core, you will see a deflection in the voltmeter. If you stop moving the magnet, there
will be no current through the voltmeter. If you move the magnet away from the conductor, the deflection
of the voltmeter will be in the opposite direction. The same results can be obtained if the core is moving
and the magnet is stationary. Faraday carried out an experiment similar to the one shown in Fig. 1.5 and
from his experiments, he concluded that the time-varying magnetic field produces an electromotive force
which is responsible for a current in a closed circuit. An electromotive force (e.m.f.) is simply the electric
field intensity integrated over the length of the conductor or in other words, it is the voltage developed. In
the absence of electric field intensity, electrons move randomly in all directions with a zero net current in
any direction. Because of the electric field intensity (which is the force experienced by a unit electric charge)
due to a time-varying magnetic field, electrons are forced to move in a particular direction leading to current.

Iron core

Voltmeter

A\ AW A

? Magnet

Figure 1.5 Generation of e.m.f. by moving a magnet.
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Faraday’s law is stated as

m.f. = ———, 1.28
e.m o ( )

where e.m.f. is the electromotive force about a closed path L (that includes a conductor and connections to a

voltmeter), y,, is the magnetic flux crossing the surface S whose perimeter is the closed path L, and dy,, /dt is
the time rate of change of this flux. Since e.m.f. is an integrated electric field intensity, it can be expressed as

e.m.f. = %E -dl. (1.29)
L

The magnetic flux crossing the surface S is equal to the sum of the normal component of the magnetic flux
density at the surface times the elemental surface area dS,

u/m=/BndS=/B-dS, (1.30)
S S

where dS is a vector with magnitude dS and direction normal to the surface. Using Egs. (1.29) and (1.30) in

Eq. (1.28), we obtain
%E-dl:—i/B-dS
L dt Jg

= - @-dS. (1.31)
5 Ot
In Eq. (1.31), we have assumed that the path is stationary and the magnetic flux density is changing with time;
therefore the elemental surface area is not time dependent, allowing us to take the partial derivative under the
integral sign. In Eq. (1.31), we have a line integral on the left-hand side and a surface integral on the right-hand
side. In vector calculus, a line integral could be replaced by a surface integral using Stokes’s theorem,

%E-dl:/(VxE)-dS (1.32)
L S

to obtain
/[VxE+@]-dS=o. (133)
s ot

Eq. (1.33) is valid for any surface whose perimeter is a closed path. It holds true for any arbitrary surface
only if the integrand vanishes, i.e.,

VxE=—@. (1.34)
ot
The above equation is Faraday’s law in the differential form and is one of Maxwell’s four equations.
1.4.1 Meaning of Curl
The curl of a vector A is defined as
cul A=VXA=Fx+Fy+Fz (1.35)
h
where oA, oA,
F,=——-— (1.36)

o9y oz’
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o 0A, 0A, (137)
Yoz ox’ ‘
0A,  0A
F,=— - 1.38
 ox oy (1.38)
Consider a vector A with only an x-component. The z-component of the curl of A is

0A,

F,=- . (1.39)
< ay

Skilling [2] suggests the use of a paddle wheel to measure the curl of a vector. As an example, consider the
water flow in a river as shown in Fig. 1.6(a). Suppose the velocity of water (A,) increases as we go from the
bottom of the river to the surface. The length of the arrow in Fig. 1.6(a) represents the magnitude of the water
velocity. If we place a paddle wheel with its axis perpendicular to the paper, it will turn clockwise since the
upper paddle experiences more force than the lower paddle (Fig. 1.6(b)). In this case, we say that curl exists
along the axis of the paddle wheel in the direction of an inward normal to the surface of the page (z-direction).
A larger speed of the paddle means a larger value of the curl.

Suppose the velocity of water is the same at all depths, as shown in Fig. 1.7. In this case the paddle wheel
will not turn, which means there is no curl in the direction of the axis of the paddle wheel. From Eq. (1.39), we
find that the z-component of the curl is zero if the water velocity A, does not change as a function of depth y.

Eq. (1.34) can be understood as follows. Suppose the x-component of the electric field intensity E is chang-
ing as a function of y in a conductor, as shown in Fig. 1.8. This implies that there is a curl perpendicular to the
page. From Eq. (1.34), we see that this should be equal to the time derivative of the magnetic field intensity

Ya River surface
X . A,
% . Ay+Vy),
* Ax( y ) g
River bottom [A+V)] > A0
(@) (b)

Figure 1.6 Clockwise movement of the paddle when the velocity of water increases from the bottom to the surface of
ariver.

River surface

River bottom

Figure 1.7 Velocity of water constant at all depths. The paddle wheel does not rotate in this case.
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/~ Conductor

— >

J e e €

t.. |lee E, B=B_z
g ——m7— :
+|©@ 0 — _

Figure 1.8 Induced electric field due to the time-varying magnetic field perpendicular to the page.

in the z-direction. In other words, the time-varying magnetic field in the z-direction induces an electric field
intensity as shown in Fig. 1.8. The electrons in the conductor move in a direction opposite to E, (Coulomb’s
law), leading to the current in the conductor if the circuit is closed.

1.4.2  Ampere’s Law in Differential Form

From Eq. (1.21), we have
}{H-dl:/.}ds. (1.40)
L s

Using Stokes’s theorem (Eq. (1.32)), Eq. (1.40) may be rewritten as

/(VxH)-dS:/J-dS (1.41)
S N

VxH=]. (1.42)

or

The above equation is the differential form of Ampere’s circuital law and it is one of Maxwell’s four equations
for the case of current and electric field intensity not changing with time. Eq. (1.40) holds true only under
non-time-varying conditions. From Faraday’s law (Eq. (1.34)), we see that if the magnetic field changes with
time, it produces an electric field. Owing to symmetry, we might expect that the time-changing electric field
produces a magnetic field. However, comparing Egs. (1.34) and (1.42), we find that the term corresponding
to a time-varying electric field is missing in Eq. (1.42). Maxwell proposed adding a term to the right-hand
side of Eq. (1.42) so that a time-changing electric field produces a magnetic field. With this modification,

Ampere’s circuital law becomes

VxH=J+%. (1.43)

In the absence of the second term on the right-hand side of Eq. (1.43), it can be shown that the law of con-

servation of charges is violated (see Exercise 1.4). The second term is known as the displacement current
density.

1.5 Maxwell’s Equations

Combining Egs. (1.12), (1.27), (1.34) and (1.43), we obtain
div D =p, (1.44)
div B=0, (1.45)
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0B
VXE=—-—, 1.46
> (1.46)
VxH=J+ %. (1.47)

From Egs. (1.46) and (1.47), we see that a time-changing magnetic field produces an electric field and a
time-changing electric field or current density produces a magnetic field. The charge distribution p and cur-
rent density J are the sources for generation of electric and magnetic fields. For the given charge and current
distribution, Eqgs. (1.44)—(1.47) may be solved to obtain the electric and magnetic field distributions. The
terms on the right-hand sides of Egs. (1.46) and (1.47) may be viewed as the sources for generation of field
intensities appearing on the left-hand sides of Eqgs. (1.46) and (1.47). As an example, consider the alternating
current /, sin (2zft) flowing in the transmitter antenna. From Ampere’s law, we find that the current leads to a
magnetic field intensity around the antenna (first term of Eq. (1.47)). From Faraday’s law, it follows that the
time-varying magnetic field induces an electric field intensity (Eq. (1.46)) in the vicinity of the the antenna.
Consider a point in the neighborhood of the antenna (but not on the antenna). At this point J = 0, but the
time-varying electric field intensity or displacement current density (second term on the right-hand side of (Eq.
(1.47)) leads to a magnetic field intensity, which in turn leads to an electric field intensity (Eq. (1.46)). This
process continues and the generated electromagnetic wave propagates outward just like the water wave gener-
ated by throwing a stone into a lake. If the displacement current density were to be absent, there would be no
continuous coupling between electric and magnetic fields and we would not have had electromagnetic waves.

1.5.1 Maxwell’s Equation in a Source-Free Region

In free space or dielectric, if there is no charge or current in the neighborhood, we can set p = 0 and J = 0 in
Eqgs. (1.44) and (1.47). Note that the above equations describe the relations between electric field, magnetic
field, and the sources at a space-time point and therefore, in a region sufficiently far away from the sources,
we can set p = 0 and J = 0 in that region. However, on the antenna, we can not ignore the source terms p or J
in Egs. (1.44)—(1.47). Setting p = 0 and J = 0 in the source-free region, Maxwell’s equations take the form

divD=0, (1.48)
div B=0, (1.49)
JoB
VXE=—-——, 1.50
ot ( )
oD
VxH=—. 1.51
o (1.51)

In the source-free region, the time-changing electric/magnetic field (which was generated from a distant
source p or J) acts as a source for a magnetic/electric field.

1.5.2  Electromagnetic Wave

Suppose the electric field is only along the x-direction,
E =Ex, (1.52)
and the magnetic field is only along the y-direction,

H=Hy. (1.53)
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Substituting Eqgs. (1.52) and (1.53) into Eq. (1.50), we obtain

Xy z
9 0 0 JE,  OE, oH,

V X E = - - — | = — 7= — .
ox dy oz 0z y dy Y y

E 0 0

Equating y- and z-components separately, we find

OE,  OH,

0z7 ot’

%,

dy
Substituting Egs. (1.52) and (1.53) into Eq. (1.51), we obtain

Xy z
0H 0H oE
_|9o 9o 9| __" Y x
VxH= PP 0zx+ 0xz_€atx'
0 Hy 0
Therefore,
0z ot’
0H
—Y_o.
ox

(1.54)

(1.55)

(1.56)

(1.57)

(1.58)

(1.59)

Egs. (1.55) and (1.58) are coupled. To obtain an equation that does not contain H,, we differentiate Eq. (1.55)

with respect to z and differentiate Eq. (1.58) with respect to ¢,

azEx _ aI_I,V
02~ Mooz
2
Ma Hy _ _”eazEx
dz0t o’
Adding Egs. (1.60) and (1.61), we obtain

0’E, OE,
— = yue—-.
02 Mo

(1.60)

(1.61)

(1.62)

The above equation is called the wave equation and it forms the basis for the study of electromagnetic wave

propagation.

1.5.3 Free-Space Propagation
For free space, € = ¢, = 8.854 x 107'2C2/Nm?, u = o = 47 x 1077 N/A?, and
1

Ho€o

~ 3% 10% m/s,

c=

(1.63)
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where c is the velocity of light in free space. Before Maxwell’s time, electrostatics, magnetostatics, and optics
were unrelated. Maxwell unified these three fields and showed that the light wave is actually an electromag-
netic wave with velocity given by Eq. (1.63).

1.5.4 Propagation in a Dielectric Medium

Similar to Eq. (1.63), the velocity of light in a medium can be written as

v= , (1.64)
\/ pe
where yu = pgp, and € = €je,. Therefore,
p=—1 (1.65)
V Ho€oHr€r
Using Eq. (1.64) in Eq. (1.65), we have
v=—= (1.66)
HL€,
For dielectrics, y, = 1 and the velocity of light in a dielectric medium can be written as
v=—"2"=25 (1.67)
where n = 4/e, is called the refractive index of the medium. The refractive index of a medium is greater than
1 and the velocity of light in a medium is less than that in free space.
1.6 1-Dimensional Wave Equation
Using Eq. (1.64) in Eq. (1.62), we obtain
0’E 0’E
v 108 (1.68)
0z v? of
Elimination of E, from Eqgs. (1.55) and (1.58) leads to the same equation for H,
2
PH, 1 o, o)
022 v o’ '
To solve Eq. (1.68), let us try a trial solution of the form
E(t,2) =f(t + az), (1.70)
where f is an arbitrary function of ¢ + az. Let
u=t+az, (1.71)
Uy My, (1.72)
0z ot
O0E. OE 7))
x o Zaou Oy (1.73)

9z  ou 0z  ou
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PE, 0’E, ,
02 our
0°E, 0’E,
a2 o

Using Eqgs. (1.74) and (1.75) in Eq. (1.68), we obtain
zdzEx 1 0°E,

ou? 2 ou?’

Therefore,

1
a==4-,
v

Ex=f(t+§) or Ex=f<t—§>.

The negative sign implies a forward-propagating wave and the positive sign indicates a backward-propagating
wave. Note that f is an arbitrary function and it is determined by the initial conditions as illustrated by the

following examples.

Example 1.1

(1.74)

(1.75)

(1.76)

(1.77)

(1.78)

Turn on a flash light for 1 ns then turn it off. You will generate a pulse as shown in Fig. 1.9 at the flash light
(z=0) (see Fig. 1.10). The electric field intensity oscillates at light frequencies and the rectangular shape
shown in Fig. 1.9 is actually the absolute field envelope. Let us ignore the fast oscillations in this example
and write the field (which is actually the field envelope') at z = 0 as

E(1,0) = (1) = A, rect < i) :
TO

A
Ay f(t) = Ay rect (¢/T})

[— T0=1ns —

Figure 1.9 Electrical field E (¢, 0) at the flash light.

Figure 1.10 The propagation of the light pulse generated at the flash light.

!t can be shown that the field envelope also satisfies the wave equation.

Screen

(1.79)
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Agrect (/1)) Agrect (/T — 0.33E-8 s/T;)

[— 1 ns —

~

«—7/c=033E-8 s—»-

At flash light At screen

Figure 1.11 The electric field envelopes at the flash light and at the screen.

where

0, otherwise

rect(x):{l’ it <172 (1.80)

and T, = 1 ms. The speed of light in free space v = ¢ ~ 3 x 10% m/s. Therefore, it takes 0.33 x 1085 to get
the light pulse on the screen. At z = 1 m (see Fig. 1.11),

(1.81)

_ -8
E(1,2) =f<t— %) = A rect<M> .

Ty

Example 1.2

A laser shown in Fig. 1.12 operates at 191 THz. Under ideal conditions and ignoring transverse distributions,
the laser output may be written as

E(1,0) = £(1) = Ay cos 2xfyt), (1.82)

where f; = 191 THz. The laser output arrives at the screen after 0.33 X 1078 s (see Fig. 1.12). The electric
field intensity at the screen may be written as

Ex(t,z)=f<t—§>

— _5
=Acos [27rf0 (t 5 )]
=Acos [2zfy(t — 0.33 x 107%)]. (1.83)

Screen

Laser

‘-—lm —-

Figure 1.12 The propagation of laser output in free space.
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Example 1.3

The laser output is reflected by a mirror and it propagates in a backward direction as shown in Fig. 1.13. In
Eq. (1.78), the positive sign corresponds to a backward-propagating wave. Suppose that at the mirror, the
electromagnetic wave undergoes a phase shift of ¢.> The backward-propagating wave can be described by
(see Eq. (1.78))

E._ = Acos [2zfy(t + z/v) + ¢]. (1.84)

The forward-propagating wave is described by (see Eq. (1.83))
E,, = Acos [2zfy(t — z/v)]. (1.85)

The total field is given by
1B, = B0 ¢ B« (1.86)

Figure 1.13 Reflection of the laser output by a mirror.

1.6.1 I-Dimensional Plane Wave

The output of the laser in Example 1.2 propagates as a plane wave, as given by Eq. (1.83). A plane wave can
be written in any of the following forms:

E.(t,2) = E,y cos [2”f <t - %)]

=E,cos [2ﬂf[ - 27”4
=E cos (ot — kz), (1.87)

where v is the velocity of light in the medium, f is the frequency, A = v/f is the wavelength, @ = 2zf is the
angular frequency, k = 27/ A is the wavenumber, and k is also called the propagation constant. Frequency and
wavelength are related by

v=fA, (1.88)
or equivalently
v= % (1.89)

Since H,, also satisfies the wave equation (Eq. (1.69)), it can be written as

Hy = Hyo cos (wt — kz). (1.90)
From Eq. (1.58), we have
0H, oE,
— =—¢ . (1.91)
0z ot

2 If the mirror is a perfect conductor, ¢ = 7.
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Using Eq. (1.87) in Eq. (1.91), we obtain

0H,
— = ewE, sin (ot — kz). (1.92)
0z
Integrating Eq. (1.92) with respect to z,
ek (o

H, =

y

cos (wt — kz) + D, (1.93)

where D is a constant of integration and could depend on z. Comparing Egs. (1.90) and (1.93), we see that D
is zero and using Eq. (1.89) we find

| S S (1.94)

where 7 is the intrinsic impedance of the dielectric medium. For free space, n = 376.47 Ohms. Note that E,,
and H, are independent of x and y. In other words, at time 7, the phase wf — kz is constant in a transverse plane
described by z = constant and therefore, they are called plane waves.

1.6.2 Complex Notation

It is often convenient to use complex notation for electric and magnetic fields in the following forms:
E, = E "™ or E = E e @k (1.95)

and _ _
A, = H "™ or H, = H e @), (1.96)

This is known as an analytic representation. The actual electric and magnetic fields can be obtained by
E.=Re [Ex] = E cos (wt — kz) (1.97)

and }
H, =Re[H,| = Hy cos (wf — kz). (1.98)

In reality, the electric and magnetic fields are not complex, but we represent them in the complex forms
of Egs. (1.95) and (1.96) with the understanding that the real parts of the complex fields correspond to the
actual electric and magnetic fields. This representation leads to mathematical simplifications. For example,
differentiation of a complex exponential function is the complex exponential function multiplied by some
constant. In the analytic representation, superposition of two eletromagnetic fields corresponds to addition
of two complex fields. However, care should be exercised when we take the product of two electromagnetic
fields as encountered in nonlinear optics. For example, consider the product of two electrical fields given by

E., =A,cos(w,t —k,z), n=1,2 (1.99)

AA,

ELE, =

X

cos [(w; + wy)t = (k; + ky)z]
+cos [(w; — wy)t — (ky — ky)z]. (1.100)
The product of the electromagnetic fields in the complex forms is

E E, = A A exp [i(w; + o))t — i(k, + ky)z]. (1.101)
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If we take the real part of Eq. (1.101), we find

Re [E E, | =A A, cos [(@) + wy)t — (k; + ky)z]
FELEy. (1.102)
In this case, we should use the real form of electromagnetic fields. In the rest of this book we sometimes omit ~

and use E,(H) to represent a complex electric (magnetic) field with the understanding that the real part is the
actual field.

1.7 Power Flow and Poynting Vector

Consider an electromagnetic wave propagating in a region V with the cross-sectional area A as shown

in Fig. 1.14. The propagation of a plane electromagnetic wave in the source-free region is governed by
Eqgs. (1.58) and (1.55),

OE, 0H,
€ =—-— (1.103)
ot 0z
e (1.104)
"or T o '
Multiplying Eq. (1.103) by E, and noting that
9E; =2F o (1.105)
oo Fot’ '
we obtain ) oH
oE ,
S (1.106)
2 ot 0z

N m

E
Vil &
4
Area A Y
1x
|
I
I
H,
Y z

Figure 1.14 Electromagnetic wave propagation in a volume V with cross-sectional area A.




18 Fiber Optic Communications

Similarly, multiplying Eq. (1.104) by H,, we have

OH; OE
B2 g = (1.107)
2 ot Y oz
Adding Egs. (1.107 ) and (1.106) and integrating over the volume V, we obtain
0 [|EL My A/L g2 i 25 (1.108)
afy |2 T2 ST |TTer T [ '

On the right-hand side of Eq. (1.108), integration over the transverse plane yields the area A since E, and H,
are functions of z only. Eq. (1.108) can be rewritten as

5 L

9 leE% uH;
+

g 1.109
oty | 2 2 ( )

L
9
] dv = -A /O p |EH,|d:=-AEH,

0

The terms eE2 /2 and qu, /2 represent the energy densities of the electric field and the magnetic field, respec-
tively. The left-hand side of Eq. (1.109) can be interpreted as the power crossing the area A and therefore,
E H, is the power per unit area or the power density measured in watts per square meter (W/m?). We define
a Poynting vector P as

P =ExH. (1.110)

The z-component of the Poynting vector is
P.=EMH,. (1.111)

The direction of the Poynting vector is normal to both E and H, and is in fact the direction of power flow.
In Eq. (1.109), integrating the energy density over volume leads to energy £ and, therefore, it can be
rewritten as | de
—— =P.(0)-P.(L). 1.112
A (0) = P(L) ( )

The left-hand side of (1.112) represents the rate of change of energy per unit area and therefore, 7, has the
dimension of power per unit area or power density. For light waves, the power density is also known as the
optical intensity. Eq. (1.112) states that the difference in the power entering the cross-section A and the power
leaving the cross-section A is equal to the rate of change of energy in the volume V. The plane-wave solutions
for E, and H, are given by Egs. (1.87) and (1.90),

E.=Ecos (ot — kz), (1.113)

H, = H, cos (ot — kz), (1.114)
E2

P, = 2cos? (w1 — k2). (1.115)
n

The average power density may be found by integrating it over one cycle and dividing by the period T = 1/f,

E2 T

P = L2507 o8 (1 — k2, (1.116)
- T n J
E2 T _
_ __x(]/ 1 + cos [2(wt kz)]dt (1.117)
T 1’] 0 2
E2
20 (1.118)
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The integral of the cosine function over one period is zero and, therefore, the second term of Eq. (1.118) does
not contribute after the integration. The average power density P2" is proportional to the square of the electric
field amplitude. Using complex notation, Eq. (1.111) can be written as
P,=Re |E|Re[H,] (1.119)
E +E[E +E:
2 2

~LrelprelE) - 1|

(1.120)

The right-hand side of Eq. (1.120) contains product terms such as £2 and Ejz. The average of E2 and E;';2 over
the period 7 is zero, since they are sinusoids with no d.c. component. Therefore, the average power density
is given by _

|E, I

X 2’1 4

© T g

since | E, |? is a constant for the plane wave. Thus, we see that, in complex notation, the average power density
is proportional to the absolute square of the field amplitude.

Example 1.4

Two monochromatic waves are superposed to obtain
E, = A exp [i(w 1 — k;2)] + A, exp [i(@,1 — k2)]. (1.122)
Find the average power density of the combined wave.

Solution:
From Eq. (1.121), we have
1 T 2
Py = — E | dt
Z 2’1T 0 | X|

T
= 2;1LT {T|A1 | + TIA, > + A\ AF / exp [i(w; — wy)t — i(k; — ky)z]dt
0

T
+AAT / exp [—i(@, — w,) + i(k; — k»)z] } d. (1.123)
0

Since integrals of sinusoids over the period 7 are zero, the last two terms in Eq. (1.123) do not contribute,

which leads to ; 5
|A; | + 14|

pav =
% 2']

(1.124)

Thus, the average power density is the sum of absolute squares of the amplitudes of monochromatic waves.

1.8 3-Dimensional Wave Equation
From Maxwell’s equations, the following wave equation could be derived (see Exercise 1.6):
oty Py Py 1y

oy v 1w _, 1.125
ox2 oy  0z2  v? 0F2 ( )
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where y is any one of the components £, E.

v E, H, Hy, H_. As before, let us try a trial solution of the form

v =f(t—axx—ayy—azz). (1.126)

Proceeding as in Section 1.6, we find that
1
ay + oy +al = = (1.127)

If we choose the function to be a cosine function, we obtain a 3-dimensional plane wave described by

W =y Cos [w (t—axx—ayy—azz)] (1.128)
=y cos (ot — kx — kyy — k.z), (1.129)

where k, = wa,, r = x,y,z. Define a vector k = k. x + kyy + k,z. k is known as a wave vector. Eq. (1.127)
becomes
% = or % = +0, (1.130)

where k is the magnitude of the vector k,
k=/k2+k+K. (1.131)

k is also known as the wavenumber. The angular frequency w is determined by the light source, such as a
laser or light-emitting diode (LED). In a linear medium, the frequency of the launched electromagnetic wave
can not be changed. The frequency of the plane wave propagating in a medium of refractive index » is the
same as that of the source, although the wavelength in the medium decreases by a factor n. For given angular
frequency w, the wavenumber in a medium of refractive index n can be determined by

w _wn _2zxn

k=2 = === (1.132)
v c Ao
where 4, = c¢/f is the free-space wavelength. For free space, n = 1 and the wavenumber is
ky = 2—” (1.133)
4o
The wavelength 4, in a medium of refractive index n can be defined by
2r
k=== 1.134
i ( )
Comparing (1.132) and (1.134), it follows that
4o
Ay = - (1.135)

Example 1.5

Consider a plane wave propagating in the x—z plane making an angle of 30° with the z-axis. This plane wave
may be described by
W =y, cos (wf — kx — k,2). (1.136)
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Figure 1.15 A plane wave propagates at angle 30" with the z-axis.

The wave vector k =k .x+kz. From Fig. 1.15, k, =kcos 60° =k/2 and k, = kcos 30° = k\/g/Z.

Eq. (1.136) may be written as
3
W =y COS lwt—k(%x+ gz>] (1.137)

1.9 Reflection and Refraction

Reflection and refraction occur when light enters into a new medium with a different refractive index. Consider
. . . !/ . . . .

a ray incident on the mirror MM, as shown in Fig. 1.16. According to the law of reflection, the angle of

reflection ¢, is equal to the angle of incidence ¢;,

(75,‘ = ¢r-

The above result can be proved from Maxwell’s equations with appropriate boundary conditions. Instead, let
us use Fermat’s principle to prove it. There are an infinite number of paths to go from point A to point B after
striking the mirror. Fermat’s principle can be stated loosely as follows: out of the infinite number of paths to
go from point A to point B, light chooses the path that takes the shortest transit time. In Fig. 1.17, light could
choose AC'B, AC"'B, AC""'B, or any other path. But it chooses the path AC’B, for which ¢; = ¢,. Draw the
line M'B’ = BM’ so that BC' = C'B’, BC"" = C""B’, and so on. If AC’B’ is a straight line, it would be the
shortest of all the paths connecting A and B’. Since AC'B(= AC’B’), it would be the shortest path to go from A
to B after striking the mirror and therefore, according to Fermat’s principle, light chooses the path AC'B which
takes the shortest time. To prove that ¢; = ¢,, consider the point C’. Adding up all the angles at C’, we find

¢+ ¢, +2n/2—-¢,)=2x (1.138)

or

b = ¢, (1.139)

Figure 1.16 Reflection of a light wave incident on a mirror.
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Figure 1.17 Illustration of Fermat’s principle.

1.9.1 Refraction

In a medium with constant refractive index, light travels in a straight line. But as the light travels from a
rarer medium to a denser medium, it bends toward the normal to the interface, as shown in Fig. 1.18. This
phenomenon is called refraction, and it can be explained using Fermat’s principle. Since the speeds of light
in two media are different, the path which takes the shortest time to reach B from A may not be a straight
line AB. Feynmann et al. [1] give the following analogy: suppose there is a little girl drowning in the sea at
point B and screaming for help as illustrated in Fig. 1.19. You are at point A on the land. Obviously, the paths
AC,B and AC;B take a longer time. You could choose the straight-line path AC;B. But since running takes
less time than swimming, it is advantageous to travel a slightly longer distance on land than sea. Therefore,
the path ACyB would take a shorter time than AC,B. Similarly, in the case of light propagating from a rare
medium to a dense medium (Fig. 1.20), light travels faster in the rare medium and therefore, the path ACyB
may take a shorter time than ACB. This explains why light bends toward the normal. To obtain a relation
between the angle of incidence ¢, and the angle of refraction ¢,, let us consider the time taken by light to go
from A to B via several paths:

s nlACx " nzch

: . x=0,1,2, ... (1.140)
c c
B
b
Dense medium, n,
.
. C
Rare medium, n;
i
A

Figure 1.18 Refraction of a plane wave incident at the interface of two dielectrics.
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Figure 1.19 Different paths to connect A and B.
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Figure 1.20 Illustration of Fermat’s principle for the case of refraction.

From Fig. 1.21, we have

AD=x, CD=y, AC,=Vx2+)2 (1.141)
BE = AF—x, BC, = \/(AF —x)? + BG>. (1.142)
Substituting this in Eq. (1.140), we find
Va2 +)y? V/(AF - x)? + BG®
= VY mVAF-Y) . (1.143)

c c

Note that AF, BG, and y are constants as x changes. Therefore, to find the path that takes the least time, we
differentiate ¢, with respect to x and set it to zero,

d& __mx n,(AF — x) _ (1.144)
dx /24y \J(AF—x)?2 + BG?

From Fig. 1.21, we have
L —sin ¢, AF - x = sin ¢,. (1.145)

V(AF - x)2 + BG?
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Figure 1.21 Refraction of a light wave.

Therefore, Eq. (1.144) becomes
nysin ¢, = n, sin ¢,. (1.146)

This is called Snell’s law. If n, > ny, sin ¢; > sin ¢, and ¢p; > ¢,. This explains why light bends toward the
normal in a denser medium, as shown in Fig. 1.18.

When n; > n,, from Eq. (1.146), we have ¢, > ¢,. As the angle of incidence ¢, increases, the angle of
refraction ¢, increases too. For a particular angle, ¢, = ¢,., ¢, becomes 7 /2,

ny sin ¢, = n, sin z/2 (1.147)
or
sin ¢, =n,/n,. (1.148)

The angle ¢, is called the critical angle. If the angle of incidence is increased beyond the critical angle, the
incident optical ray is reflected completely as shown in Fig. 1.22. This is called total internal reflection (TIR),
and it plays an important role in the propagation of light in optical fibers.

Note that the statement that light chooses the path that takes the least time is not strictly correct. In Fig. 1.16,
the time to go from A to B directly (without passing through the mirror) is the shortest and we may wonder
why light should go through the mirror. However, if we put the constraint that light has to pass through the
mirror, the shortest path would be ACB and light indeed takes that path. In reality, light takes the direct path

ny $r=90°
1 E ny>n,

n ¢c

Figure 1.22 Total internal reflection when ¢ > ¢,.
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AB as well as ACB. A more precise statement of Fermat’s principle is that light chooses a path for which
the transit time is an extremum. In fact, there could be several paths satisfying the condition of extremum and
light chooses all those paths. By extremum, we mean there could be many neighboring paths and the change
of time of flight with a small change in the path length is zero to first order.

Example 1.6

The critical angle for the glass—air interface is 0.7297 rad. Find the refractive index of glass.

Solution:
The refractive index of air is close to unity. From Eq. (1.148), we have

sin ¢, = n,/n;. (1.149)
With n, = 1, the refractive index of glass, n; is

ny=1/sin ¢,
= 1.5. (1.150)

Example 1.7

The output of a laser operating at 190 THz is incident on a dielectric medium of refractive index 1.45. Calculate
(a) the speed of light, (b) the wavelength in the medium, and (c) the wavenumber in the medium.

Solution:
(a) The speed of light in the medium is given by

nes & (1.151)
n

where ¢ = 3 x 108 m/s, n = 1.45, so

_ 3x 10® m/s

=2, 108 m/s. 1.152
WE 069 x 10% m/s (1.152)

(b) We have

speed = frequency X wavelength
v=fA4, (1.153)

where f = 190 THz, v = 2.069 x 108 m/s, so

8
= %m: 1.0889 pm. (1.154)
(c) The wavenumber in the medium is
_ 2z 27

= — 6 1
7 10889 x 108 /X< 10Tm (1.155)



26 Fiber Optic Communications

Example 1.8

The output of the laser of Example 1.7 is incident on a dielectric slab with an angle of incidence = 7 /3, as
shown in Fig. 1.23. (a) Calculate the magnitude of the wave vector of the refracted wave and (b) calculate the
x-component and z-component of the wave vector. The other parameters are the same as in Example 1.7.

Solution:
Using Snell’s law, we have
nl Sin ¢] = n2 Sin ¢2. (1156)

For air n; ~ 1, for the slab n, = 1.45, ¢, = /3. So,

b, = sin”"! {%15/3)} = 0.6401 rad. (1.157)

The electric field intensity in the dielectric medium can be written as
E, = Acos (ot — k.x — k.2). (1.158)

(a) The magnitude of the wave vector is the same as the wavenumber, £. It is given by

2

k| =k = = =577%10°m™". (1.159)
(b) The z-component of the wave vector is
k, = kcos (¢,) = 5.77 x 10° X cos (0.6401) m™" = 4.62 x 10° m™". (1.160)
The x-component of the wave vector is
k. = ksin (¢p,) = 5.77 x 10% x sin (0.6401)m~! = 3.44 x 10° m~". (1.161)
X
Air n b, ny
1

b, = /3 <

Dielectric slab

Figure 1.23 Reflection of light at air—dielectric interface.

1.10 Phase Velocity and Group Velocity

Consider the superposition of two monochromatic electromagnetic waves of frequencies w, + Aw/2 and
@y — Aw/2 as shown in Fig. 1.24. Let Aw < @,. The total electric field intensity can be written as

E=E, +E,. (1.162)
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Figure 1.24 The spectrum when two monochromatic waves are superposed.

Let the electric field intensity of these waves be
E| =cos [(wy — Aw/2)t — (k — Ak/2)z] , (1.163)
E, =cos [(wy + Aw/2)t — (k + Ak/2)z] . (1.164)

=)o (557).

Using the formula

cos C+cosD=2cos<C+

Eq. (1.162) can be written as

E = 2cos (Awt — Akz) cos (wyt — kyz). (1.165)
field e;lrvelope ca;ger

Eq. (1.165) represents the modulation of an optical carrier of frequency w, by a sinusoid of frequency Aw.
Fig. 1.25 shows the total electric field intensity at z = 0. The broken line shows the field envelope and the
solid line shows rapid oscillations due to the optical carrier. We have seen before that

)

Upp = —
ph

kO

is the velocity of the carrier. It is called the phase velocity. Similarly, from Eq. (1.165), the speed with which

the envelope moves is given by A
w

- =% 1.1
Vg AL (1.166)

Figure 1.25 Superposition of two monochromatic electromagnetic waves. The broken lines and solid lines show the
field envelope and optical carrier, respectively.
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where v, is called the group velocity. Even if the number of monochromatic waves traveling together is more
than two, an equation similar to Eq. (1.165) can be derived. In general, the speed of the envelope (group
velocity) could be different from that of the carrier. However, in free space,

ngvph:C.

The above result can be proved as follows. In free space, the velocity of light is independent of frequency,

Doy, (1.167)
ky ky r
Let
w1=w0—%, k, =k0—%, (1.168)
cu2=a)0+A—2w, k2=k0+%k. (1.169)
From Egs. (1.168) and (1.169), we obtain
C()2 - a)] Aa)
=—— =y, 1.170
kh—k, Ak 8 (1.170)
From Eq. (1.167), we have
| = Ckl’
0)2 == Ckz,
W — wy = c(ky = ky). (1.171)
Using Eqgs. (1.170) and (1.171), we obtain
)
=c=uv.. 1.172
s c=0v, ( )

In a dielectric medium, the velocity of light v,,, could be different at different frequencies. In general,

o, @

had Iy 1.173
a # 5 ( )
In other words, the phase velocity v,, is a function of frequency,
Uppp = Upyy (@), (1.174)
k= —2 = ko). (1.175)
Uph(a))
In the case of two sinusoidal waves, the group speed is given by Eq. (1.166),
Aw
=—. 1.176
Ve = A% ( )
In general, for an arbitrary cluster of waves, the group speed is defined as
v Aw _ do (1.177)

¢ T M0 Ak dk
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Sometimes it is useful to define the inverse group speed p, as

B = 1o % (1.178)
v, do
f, could depend on frequency. If §; changes with frequency in a medium, it is called a dispersive medium.
Optical fiber is an example of a dispersive medium, which will be discussed in detail in Chapter 2. If the
refractive index changes with frequency, f; becomes frequency dependent. Since

k@) = “’”C(“’), (1.179)

from Eq. (1.178) it follows that
n(w) ® dn(w)

biw) = — +
c

. 1.180
c do ( )

Another example of a dispersive medium is a prism, in which the refractive index is different for different
frequency components. Consider a white light incident on the prism, as shown in Fig. 1.26. Using Snell’s law
for the air—glass interface on the left, we find

. (sin &b, )

¢(w) = sin _— (1.181)
1y ()

where n,(w) is the refractive index of the prism. Thus, different frequency components of a white light travel

at different angles, as shown in Fig. 1.26. Because of the material dispersion of the prism, a white light is

spread into a rainbow of colors.

Next, let us consider the co-propagation of electromagnetic waves of different angular frequencies in a
range [w;, w,] with the mean angular frequency @, as shown in Fig. 1.27. The frequency components near
the left edge travel at an inverse speed of f;(w,). If the length of the medium is L, the frequency components
corresponding to the left edge would arrive at L after a delay of

—_— L —_—
I, = —Ug(a)l) = fi(w))L.

Similarly, the frequency components corresponding to the right edge would arrive at L after a delay of
T, = py(wy)L.
The delay between the left-edge and the right-edge frequency components is

AT = |T, = Ty| = LIB,(@,) — B, (@,)]. (1.182)

Rainbow
colors

White light

Figure 1.26 Decomposition of white light into its constituent colors.
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Figure 1.27 The spectrum of an electromagnetic wave.

Differentiating Eq. (1.178), we obtain
% = ﬂ =p (1.183)
do ~ de? % '
P, is called the group velocity dispersion parameter. When f, > 0, the medium is said to exhibit a nor-
mal dispersion. In the normal-dispersion regime, low-frequency (red-shifted) components travel faster than
high-frequency (blue-shifted) components. If §, < 0, the opposite occurs and the medium is said to exhibit
an anomalous dispersion. Any medium with g, = 0 is non-dispersive. Since

% — lim Bi(w)) = pi(m,) _

do st », — @, by (1.184)
and
Bi(wy) — pi(@,) ~ pAw, (1.185)
using Eq. (1.185) in Eq. (1.182), we obtain
AT = L|p,|Aw. (1.186)

In free space, f, is independent of frequency, f, = 0, and, therefore, the delay between left- and right-edge
components is zero. This means that the pulse duration at the input (z = 0) and output (z = L) would be the
same. However, in a dispersive medium such as optical fiber, the frequency components near @, could arrive
earlier (or later) than those near w,, leading to pulse broadening.

Example 1.9

An optical signal of bandwidth 100 GHz is transmitted over a dispersive medium with 8, = 10 ps*>/km. The
delay between minimum and maximum frequency components is found to be 3.14 ps. Find the length of
the medium.

Solution:
Aw = 27100 Grad/s, AT =3.14ps, p, = 10ps?/km. (1.187)

Substituting Eq. (1.187) in Eq. (1.186), we find L = 500 m.
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Figure 1.28 The x- and y-polarization components of a plane wave. The magnitude is |a| = /a2 + af and the angle is
0= tan‘l(a),/ax).

1.11 Polarization of Light

So far we have assumed that the electric and magnetic fields of a plane wave are along the x- and y-directions,
respectively. In general, an electric field can be in any direction in the x—y plane. This plane wave propagates
in the z-direction. The electric field intensity can be written as

E :AXX+Ayy, (1.188)
A, =a,expli(lwt — kz) +ip,], (1.189)
A, = ayexp [i(wf — kz) + iy ], (1.190)

where a, and a, are amplitudes of the x- and y-polarization components, respectively, and ¢, and ¢, are the
corresponding phases. Using Egs. (1.189) and (1.190), Eq. (1.188) can be written as

E =aexp [i(wt — kz) + i¢,], (1.191)

a=aX+a,exp (iAg)y, (1.192)

where Ag = ¢, — ¢,. Here, a is the complex field envelope vector. If one of the polarization components
vanishes (a, = 0, for example), the light is said to be linearly polarized in the direction of the other polarization
component (the x-direction). If A¢p = 0 or x, the light wave is also linearly polarized. This is because the
magnitude of a in this case is a2 + af and the direction of a is determined by § = +tan™! (a,/a,) with respect
to the x-axis, as shown in Fig. 1.28. The light wave is linearly polarized at an angle 6 with respect to the x-axis.

A plane wave of angular frequency w is characterized completely by the complex field envelope vector a. It
can also be written in the form of a column matrix, known as the Jones vector:

a= . N (1.193)
a, exp (iAg)

The above form will be used for the description of polarization mode dispersion in optical fibers.

Exercises

1.1 Two identical charges are separated by 1 mm in vacuum. Each of them experience a repulsive force
of 0.225 N. Calculate (a) the amount of charge and (b) the magnitude of electric field intensity at the
location of a charge due to the other charge.

(Ans: (a) 5nC; (b) 4.49 x107 N/C.)
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1.2

1.3

14

1.5

1.6

1.7

1.8

The magnetic field intensity at a distance of 1 mm from a long conductor carrying d.c. is 239 A/m. The
cross-section of the conductor is 2 mm?. Calculate (a) the current and (b) the current density.

(Ans: (a) 1.5 A; (b) 7.5 x10° A/m?.)
The electric field intensity in a conductor due to a time-varying magnetic field is
E = 6.¢os (0.1y) cos (10°1)x V/m (1.194)
Calculate the magnetic flux density. Assume that the magnetic flux density is zero at t = 0.
(Ans: B = —0.6sin (0.1y) sin (10%0)z pT.)
The law of conservation of charges is given by

ap
V- J+—=0.
1 ot

Show that Ampere’s law given by Eq. (1.42) violates the law of conservation of charges and Maxwell’s
equation given by Eq. (1.43) is in agreement with the law of conservation of charges.
Hint: Take the divergence of Eq. (1.42) and use the vector identity

V- VxH=0.
The x-component of the electric field intensity of a laser operating at 690 nm is
E.(1,0) = 3rect (t/T,) cos 2xfyt) V/m, (1.195)

where T\, = Sns. The laser and screen are located at z = 0 and z = 5m, respectively. Sketch the field
intensities at the laser and the screen in the time and frequency domain.

Starting from Maxwell’s equations (Egs. (1.48)—(1.51)), prove that the electric field intensity satisfies
the wave equation
2
V2E 1 0°E _ 0

c? o2
Hint: Take the curl on both sides of Eq. (1.50) and use the vector identity
VxVxE=V(V-E)-V’E.

Determine the direction of propagation of the following wave:
V3 x
Ex=ExO=COS w [—EZ-FZ .

¥ = W, exp [—(a)t —kx—kyy kzz)2] (1.196)

Show that

is a solution of the wave equation (1.125) if @? = v?(k2 + k% + k2).
Hint: Substitute Eq. (1.196) into the wave equation (1.125).
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1.9

1.10
1.11

1.12

1.13

1.14

1.15

A light wave of wavelength (free space) 600 nm is incident on a dielectric medium of relative permit-
tivity 2.25. Calculate (a) the speed of light in the medium, (b) the frequency in the medium, (c) the
wavelength in the medium, (d) the wavenumber in free space, and (e) the wavenumber in the medium.

(Ans: (a) 2 x 108 m/s; (b) 500 THz; (c) 400 nm; (d) 1.047 x 107 m~!; () 1.57 x 10" m~!.)
State Fermat’s principle and explain its applications.

A light ray propagating in a dielectric medium of index n = 3.2 is incident on the dielectric—air inter-
face. (a) Calculate the critical angle; (b) if the angle of incidence is 7 /4, will it undergo total internal
reflection?

(Ans: (a) 0.317 rad; (b) yes.)
Consider a plane wave making an angle of z/6 radians with the mirror, as shown in Fig. 1.29. It
undergoes reflection at the mirror and refraction at the glass—air interface. Provide a mathematical

expression for the plane wave in the air corresponding to segment CD. Ignore phase shifts and losses
due to reflections.

B

* Mirror
30°
NN - . C _Air
A
Glass, n; = 1.5 D

Figure 1.29 Plane-wave reflection at the glass—mirror interface.

Find the average power density of the superposition of N electromagnetic waves given by

N
E =) A,explin(wt - k). (1.197)

n=1

A plane electromagnetic wave of wavelength 400 nm is propagating in a dielectric medium of index
n = 1.5. The electric field intensity is

E* = 2cos Qafyi(t — z/v))x V/m. (1.198)

(a) Determine the Poynting vector. (b) This wave is reflected by a mirror. Assume that the phase shift
due to reflection is z. Determine the Poynting vector for the reflected wave. Ignore losses due to prop-
agation and mirror reflections.

An experiment is conducted to calculate the group velocity dispersion coefficient of a medium of
length 500 m by sending two plane waves of wavelengths 1550 nm and 1550.1 nm. The delay between
these frequency components is found to be 3.92 ps. Find |, |. The transit time for the higher-frequency
component is found to be less than that for the lower-frequency component. Is the medium normally
dispersive?

(Ans: 100 pszlkm. No.)
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Optical Fiber Transmission

2.1 Introduction

Until the mid-1970s, communication systems transmitted information over copper cables or free space. In
1966, Charles Kao and George Hockham working at Standard Telecommunications in the UK proposed that
an optical fiber might be used as a means of communication provided the signal loss could be much less than
20 dB/km [1]. They also illustrated that the attenuation in fibers available at that time was caused by impurities
which could be removed. At Corning Glass Works, Robert Maurer, Douald Keck, and Peter Schultz worked
with fused silica, a material that can be made extremely pure. In 1970, they developed a single-mode fiber with
attenuation below 20 dB/km [2]. In 1977, the first optical telecommunication system was installed about 1.5
miles under downtown Chicago and each optical fiber carried the equivalent of 672 voice channels. In 1979,
single-mode fibers with a loss of only 0.2 dB/km at 1550 nm were fabricated [3]. The availability of low-loss
fibers combined with the advent of semiconductor lasers led to a new era of optical fiber communication.
Today, more than 80% of the world’s long-distance traffic is carried over optical fiber cable and about 25
million kilometers of optical fiber has been installed worldwide.

This chapter deals with light propagation in optical fibers. Multi-mode and single-mode fibers are discussed
using a ray-optics description in Section 2.3. A rigorous solution of the wave equation is derived in Section 2.4,
and a wave-optics description of the single-mode and multi-mode fibers is presented. Pulse propagation in
single-mode fibers is discussed in Section 2.5. The comparison between single-mode fibers and multi-mode
fibers is made in Section 2.6. Section 2.7 focuses on the design of single-mode fibers.

2.2 Fiber Structure

An optical fiber consists of a central core clad with a material of slightly lower refractive index, as shown in
Fig. 2.1. If the refractive index of the core is constant, such a fiber is called a step-index fiber. Most of the
fibers are made from glass, i.e., silica. The refractive index of the core is increased by doping the silica with
GeO,. The cladding is pure silica. A polymer jacket is used to protect the fiber from moisture and abrasion.
For short-distance (<1 km) and low-bit-rate (~ Mb/s) transmission systems, plastic fibers can be used. They
are: (i) inexpensive, (ii) flexible, and (iii) easy to install and connect. However, they do not transmit light
efficiently because of high absorption. For long-distance and high-bit-rate systems, glass fibers are typically
used. Optical fibers have the following advantages over copper cable.

(1) Bandwidth: To transmit more bits of information in a given time period, the transmission medium should
have a high bandwidth. Typically, the bandwidth is of the order of the carrier frequency. In the case of

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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-

Radial distance

Figure 2.1 Refractive index profile and cross-section of a step-index fiber.

optical signals, the carrier frequency is 200 THz and the bandwidth of the fiber is several THz, whereas
the bandwidth of the copper cable is typically several GHz or MHz.

(i1) Attenuation: The loss of a silica optical fiber is around 0.2 dB/km, which is much lower than that of
copper cable. Because of the lower loss, optical signals can propagate over a longer distance without
requiring repeaters.

(iii) Electromagnetic interference (EMI): Optical fibers are not affected by electromagnetic interference. This
is because optical fibers are purely dielectric waveguides with no metal parts. In the case of copper cables,
electromagnetic noise fields set up conduction currents which interfere with the signal transmission.

2.3 Ray Propagation in Fibers

Consider a step-index fiber with core index n; greater than the cladding index n,. Let ¢, be the critical angle.
Consider a ray with an angle ¢ > ¢,, as shown in Fig. 2.2. This ray undergoes total internal reflection at B.
The reflected ray BC undergoes total internal reflection again at C. This process continues till the output end
and is called frustrated total internal reflection. With this mechanism, light is successfully transmitted from
the input end to the output end of the fiber.

n B D
olo T
n Core
4K l
A C E

Figure 2.2 Signal propagation in a fiber by frustrated total internal reflection.
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Figure 2.3 Signal propagation in a fiber by repeated normal reflections.

The power reflection coefficient may be defined as

reflected power

= @2.1)

incident power
In the case of total internal reflection, R, = 1, which means all the power of the incident ray appears in
the reflected ray. That is why it is called total internal reflection (TIR). In contrast, the normal reflection is
always accompanied by refraction and R, < 1. Suppose the core of a silica fiber is surrounded by a reflective
coating instead of a dielectric cladding, as shown in Fig. 2.3. In this case, the light is guided by the “normal”
reflections at the interface. By choosing a coating with high reflectivity, the power loss during each reflection
can be minimized. However, significant power is lost after multiple reflections. In contrast, TIR is a more
efficient way to transmit an optical signal over a long distance.

2.3.1 Numerical Aperture

Consider a ray which is incident on the fiber input making an angle i as shown in Fig. 2.4. Using Snell’s law,
we have
sin i = n; sin@ = n, cos ¢, (2.2)

where we have assumed the refractive index of air to be unity. If this ray has to suffer total internal reflection
at the core—cladding interface, the angle ¢ should be larger than the critical angle ¢,

> P,
sin ¢ > sin ¢,. (2.3)

Jacket

A Cladding, n=n, B

. o
Air, n=1 /W/(I .. Core,n=mn
7

C

Jacket

Figure 2.4 Numerical aperture of the fiber. If the incidence angle i is less than the acceptance angle, it undergoes total
internal reflection.
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Figure 2.5 (a)Ifi<i_ ,lightis guided. (b) Ifi > i_, . light escapes from the core.

max’ max?

Using Eq. (1.148), we obtain
n%sinqu > n%
or
nicos® ¢ < nt —n3. (2.4)
Using Egs. (2.2) and (2.4), it follows that, to have a total internal reflection, we should have the following

condition:
sini < (n? —nd)'/2. (2.5)

It (nf - ng)l/ 2 > 1, total internal reflection occurs for any incidence angle i. But for most of the practical
fiber designs, (n% - n%)l/ 2 « 1. In this case, as the angle of incidence i increases, ¢ decreases and the light
ray could escape the core—cladding interface without total internal reflection. From Eq. (2.5), the maximum
value of sini for a ray to be guided is given by

Siipg, = (02 = nd)!/2. (2.6)

max
Therefore, the numerical aperture (NA) of the fiber is defined as

NA = sinip,, = (12 —n2)'/?, (2.7)

max

and i, is called the acceptance angle. Let us define the relative index difference as

AT 2.8)
m
If the difference between n; and n, is small, n; + n, ~ 2n; and Eq. (2.7) can be approximated as
NA =~ n,(24)'/2 (2.9)

Let us construct a cone with the semi-angle being equal to i,,,, as shown in Fig. 2.5(a). If the incident ray
is within the cone (i < i, ), it will be guided through the fiber. Otherwise, it will escape to the cladding and
then to the jacket, as shown in Fig. 2.5(b). From a practical standpoint, it is desirable to have most of the
source power launched to the fiber, which requires large NA.

Example 2.1

The core and cladding refractive indices of a multi-mode fiber are 1.47 and 1.45, respectively. Find (a) the
numerical aperture, (b) the acceptance angle, and (c) the relative index difference A.
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Solution:
(a)n; =147, n, = 1.45. From Eq. (2.7), we find

NA = (n} - nd)'/* = 0.2417. (2.10)
(b) From Eq. (2.6), the acceptance angle is

i =sin"!(NA) = 0.2441 rad. (2.11)

lmax

(c) From Eq. (2.8), the refractive index difference A is

BT 0.0136. (2.12)
ny

A=

2.3.2  Multi-Mode and Single-Mode Fibers

If the index difference (n; — n,) is large or the core radius a is much larger than the wavelength of light, an
optical fiber supports multiple guided modes. A guided mode can be imagined as a ray that undergoes total
internal reflection. A mathematical description of guided modes is provided in Section 2.4. From ray-optics
theory, it follows that total internal reflection occurs for any angle in the interval [¢,., z/2]. This implies an
infinite number of guided modes. However, from the wave-optics theory, it follows that not all the angles in the
interval [¢p,, 7 /2] are permitted. Light guidance occurs only at discrete angles {¢, ¢,,- - - } in the interval
[¢., /2], as shown in Fig. 2.6. Each discrete angle in Fig. 2.6 corresponds to a guided mode. Typically, a
multi-mode fiber can support thousands of guided modes. As the index difference (n; — n,) becomes very
large and/or the core diameter becomes much larger than the wavelength of light, the fiber supports a very
large number of modes N which approaches infinity, and total internal reflection occurs for nearly any angle in
the interval [¢p,., #/2]. In this case, the ray-optics theory is valid. As the index difference (n; — n,) becomes
smaller and/or the core diameter becomes comparable with the wavelength of light, the number of guided
modes decreases. In fact, by the proper design, a fiber could support only one guided mode (in ray-optics
language, one ray with a specific angle). Such a fiber is called a single-mode fiber, which is of significant
importance for high-speed optical communication.

2.3.3 Dispersion in Multi-Mode Fibers

A light pulse launched into a fiber broadens as it propagates down the fiber because of the different times
taken by different rays or modes to propagate through the fiber. This is known as intermodal dispersion. In
Fig. 2.7, the path length of ray 1 is longer than that of ray 3 and, therefore, the fraction of the incident pulse
carried by ray 3 arrives earlier than that by ray 1, leading to pulse broadening.

f

Core diameter =2a

e

Figure 2.6 When the angle of incidence exceeds ¢, total internal reflection occurs only for certain discrete angles.
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Figure 2.7 Pulse broadens because of the different times taken by different rays to pass through the fiber.

Suppose an impulse is launched to the fiber. Let us now estimate the pulse width at the output end. For a
ray making an angle ¢ with the axis (see Fig. 2.8), the distance AB is traversed in time

. _AC+CB _ _AB
AB v, vy sing’

(2.13)

where v; = ¢/n, is the speed of light in the core. ACB can be imagined as one unit cell. Let the fiber length
L be composed of N such unit cells. The time taken by the ray to traverse a fiber length L is

L= =

: =—" (2.14)
csing csing

For multi-mode fibers, we assume that all the rays making angles in the interval [¢,., 7 /2] are present.
This is a good approximation if the multi-mode fiber supports many modes. The ray which makes an angle
¢ = r /2 propagates almost along the axis and takes the shortest time. From Eq. (2.14), the time taken by this
ray is

- n L _ n L (2.15)
m esing /2 ¢ '
The ray which makes an angle ¢ = ¢,. takes the longest time. The time taken by this ray is
nlL H%L
fmax = = — (2.16)

T ocsing,  cny

The time taken by a ray with angle ¢ in the interval [¢,, 7 /2] is somewhere in between 7., and #,,,,. If an
impulse is incident at the input end, it would excite all the rays in the interval [¢., 7 /2] and the rays occupy
a time interval at the output end of duration AT given by

n%L mL nlL [(n ”%LA
AT = tmax - tmin = C_nz - T = T Z -1 - cn, ’ (217)
ny A |« ACsing » BCsing #| B

n

n C

Figure 2.8 A ray undergoing multiple total internal reflections in a multi-mode fiber.
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Figure 2.9 The pulse train at (a) fiber input and (b) fiber output. The individual pulses shown here are outputs in the
absence of input pulses at the other bit slots.

where A is defined in Eq. (2.8). Fig. 2.9(b) shows the power profiles of individual pulses in the absence of
other pulses. The pulse width at the output end is AT, as shown in Fig. 2.9(b). If the bit rate is B, the interval

between bits is given by
1

Ty = Z (2.18)
To avoid intersymbol interference, the pulse width AT < Tj. Using Egs. (2.17) and (2.18), we have
BL< <2 (2.19)
n%A

Eq. (2.19) provides the maximum bit rate—distance product possible for multi-moded fibers. From Eq. (2.19),
we see that the product BL can be maximized by decreasing A, but from Eq. (2.9), we see that it leads to a
reduction in NA, which is undesirable since it lowers the power launched to the fiber. So, there is a trade-off
between power coupling efficiency and the maximum achievable bit rate—distance product.

From a practical standpoint, it is desirable to reduce the delay AT. From Eq. (2.17), we see that the delay
AT increases linearly with fiber length L. The quantity AT /L is a measure of intermodal dispersion.

Example 2.2
Consider a multi-mode fiber with n; = 1.46, A = 0.01, and fiber length L = 1 km. From Eq. (2.8)

n, =n (1 —A)=1.4454 (2.20)
and
nfLA
AT = ~ 50 ns. (2.21)
cny
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Figure 2.10 A pulse train at the fiber output: (a) bit rate B = 2 Mb/s; (b) B = 100 Mb/s. The individual pulses shown
here are the outputs in the absence of input pulses at the other bit slots.

This implies that an impulse traversing through the fiber becomes a pulse of duration about 50ns. If
B =2Mb/s, Ty = 500ns and the pulses at the output end are quite resolvable, as shown in Fig. 2.10(a).
However, if the bit interval is 10 ns (B = 100 Mb/s), the pulses would be absolutely unresolvable at the output
end, as shown in Fig. 2.10(b). From Eq. (2.19), the maximum bit rate—distance product is

cn
(BL)pax = —2 =203 Mb/s km. (2.22)
n%A
This implies that the maximum achievable bit rate is 20.3 Mb/s for a system consisting of a 1-km fiber. Note
that the power profiles in Fig. 2.10 are those of individual pulses in the absence of other pulses. To find the

actual power profiles, the fields of individual pulses should be added and then the power of the combined field
should be calculated.

2.3.4 Graded-Index Multi-Mode Fibers
In a step-index multi-mode fiber, the pulse width at the output is given by
n%LA

AT = . (2.23)
n,

To minimize this delay, graded-index multi-mode fibers are used. The refractive index profile, in this case, is
given by

n(r) = {nl [1 - A(r/a)“] if r<a

ny, =n(1 —A)  otherwise,
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Figure 2.11 (a) Parabolic index profile. (b) Triangular index profile. (c) Step-index fiber.

A : High speed, long route

A 4

Home Office
B : Low speed, short route

Figure 2.12 Two paths to connect home and office which could take roughly the same time.

where a is the core radius, n, is the cladding index, n; is the core index at r =0, A = (n; — n,)/n,, and
a determines the index profile. When a = 2, such a profile is called a parabolic index profile, as shown in
Fig. 2.11(a). When @ = oo, we get a step-index profile. A rigorous mathematical calculation shows that, if
a =2(1 — A)(= 2), the pulse width, AT, is a minimum and is given by [4, 5]

nlAzL
AT = .
8c

From Eqgs. (2.23) and (2.24), we see that the pulse broadening is proportional to A in step-index fibers whereas
it is proportional to A” in graded-index fibers (with a = 2(1 — A)). Since A < 1, pulse broadening can be
significantly reduced using graded-index fibers.

The reduction in pulse delay can be understood from the following analogy: suppose A takes a highway to
go to the office from his home which is faster, but longer distance, as shown in Fig. 2.12. B takes a shorter route
but there are many traffic lights, leading to delays. It is possible that A and B arrive at the same time to the
office, which implies that there is no delay between the arrival times of A and B. In the case of graded-index
fibers, the axial ray is confined mostly to the core center (because it undergoes total internal reflection closer
to the center of the core due to the higher refractive index) and travels slowly because of the higher refractive
index. The off-axis ray travels faster because it passes through the region of lower refractive index. But it
has to travel a longer zig-zag path. So, the arrival time difference between these rays could be smaller. This
explains why the delay given by Eq. (2.24) is smaller than that given by Eq. (2.23).

(2.24)

Example 2.3

Compare AT for a step-index fiber with that for a parabolic-index fiber. Length = 1 km, n; = 1.47, and
ny, = 1.45.
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Solution:
ny—n
A =——==0.0136. (2.25)
ny
For a step-index fiber, from Eq. (2.23), we find
n%LA
AT = = 67.58ns. (2.26)
cn,

For a parabolic-index fiber, from Eq. (2.24), we find

AL

AT = v 0.1133 ns. (2.27)
c

Thus, we see that the intermodal dispersion can be significantly reduced by using a parabolic-index fiber.

2.4 Modes of a Step-Index Optical Fiber*

To understand the electromagnetic field propagation in optical fibers, we should solve Maxwell’s equations
with the condition that the tangential components of electric and magnetic fields should be continuous at the
interface between core and cladding [6, 7]. When the refractive index difference between core and cladding
is small, a weakly guiding or scalar wave approximation can be made [§—11] and in this approximation, the
electromagnetic field is assumed to be nearly transverse as in the case of free-space propagation. Under this
approximation, the one set of modes consists of E, and H, components (x-polarized) and the other set of
modes consists of E, and H, components (y-polarized). These two sets of modes are independent and known
as linearly polarized (LP) modes. The x- or y- component of the electric field intensity satisfies the scalar
wave equation Eq. (1.125),

1 0%y

Vi — — =0, 2.28
V" o (2.28)

where o(r) is the speed of light given by .
o(r) = vy (2.29)

with ;
_Jn forr<a

n(r) = {”2 for r>a’ (2.30)

where a = core radius. We assume thatn; > n,, as shown in Fig. 2.13. In cylindrical coordinates, the Laplacian
operator V2 can be written as

_Pv 1w 10y Py

Vi =Y v
VSR T o TR T oz

(2.31)
Suppose this fiber is excited with a laser oscillating at angular frequency w. In a linear dielectric medium,
the frequency of the electromagnetic field should be the same as that of the source. Therefore, we look for a
solution of Eq. (2.28) in the form '

W(r,p,z,1) = f(r, P, 2)e ™", (2.32)
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Figure 2.13 Refractive-index profile of a step-index fiber.

Substituting Eq. (2.32) in Eq. (2.28) and using Egs. (2.29) and (2.31), we obtain

2 2 2
Ff 1o 1P

22
o T ot aag t o TR =0 239

where k) = w/c =2x /4 is the free-space wavenumber. The above equation is known as the Helmholtz
equation. We solve Eq. (2.33) by separation of variables:

f(r,¢,2) = R(NP(P)Z(2). (2.34)

This technique may not work for all types of partial differential equations. Especially, if the partial differential
equation is nonlinear, the method of separation of variables fails. Substituting Eq. (2.34) in Eq. (2.33), we
obtain ) )
CR LdRN ¢y 1P ps P2y Kn2(NROZ = 0. (2.35)
dr2 ' rdr 2 dgp? dz

Dividing Eq. (2.35) by R®Z, we obtain
1 (d’R | 1dR 2 ) 1 d*® d’Z 1
<dr2 rd> ") ®2d¢2 dz2 Z (2.36)

In Eq. (2.34), we assumed that f can be decomposed into three parts R, ®, and Z which are functions of r,
¢, and z, respectively. Since the right-hand side of Eq. (2.36) depends only on z while the left-hand side of
Eq. (2.36) depends only on R and @, they can be equated only if each of them is a constant independent of r,
¢, and z. Let this constant be 5%

1d*z
——2Z =52 2.37
Z dz? 237
Z(z) = AjeP* + A7, (2.38)
Using Eq. (2.34) and substituting Eq. (2.38) in Eq. (2.32), we obtain
w(r, ¢.2,1) = RIOD(P) [A, €7@ + A e~ @+F3] (2.39)

The first and second terms represent forward- and backward-propagating waves, respectively. In this section,
let us consider only the forward-propagating modes by setting A, = 0. For example, the laser output is
launched to the fiber from the left so that only forward-propagating modes are excited. If the fiber medium has
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no defect, there would be no reflection occurring within the fiber and the assumption of a forward-propagating
mode is valid. From the left-hand side of Eq. (2.36), we obtain

V2 dzR 1dR 270112 .2 2 1 qu)
—|—=+-= k - =——— 2.40
R<dr2+rdr>+r kom0 =] = -3 452 (240
The left-hand side of Eq. (2.40) is a function of r only and the right-hand side is a function of ¢ only. As
before, each of these terms should be a constant. Let this constant be m?:

2
_ldo m?, (2.41)
@ dgp?
®(¢) = B,e™® + Bye ™, (2.42)

The first and second terms represent the modes propagating in counter-clockwise and clockwise directions,
respectively, when m is positive. Let us consider only one set of modes, say counter-clockwise modes, and set
B, = 0. If the initial conditions at the input end of the fiber are such that both types of modes are excited, we
can not ignore the second term in Eq. (2.42). In Section 2.4.6, we will study how to combine various modes
to satisfy the given initial conditions. Using Eq. (2.41) in Eq. (2.40), we obtain

dzR 1dR 2.2 2 m2
et k —p2_Z_|R=0. 2.43
dr? * rdr [k () =6 r? 243)
Using Eq. (2.30) for n(r), we obtain
dzR 1 dR m2 2.2 Np
W—F;E—r—zR-i‘(konl—ﬂ)R—o r<a, (244)

d?R  1dR m? 22 pop
ﬁ+;$—r—2R+(k0n2—ﬂ)R_o r>a. (2.45)

Fiber modes can be classified into two types: (i) k(z)ng <p*< kgn%—these modes are called guided modes

and (ii) g2 < k(z)n%—these modes are called radiation modes. It can be shown that there exists no mode when
P> 2.

2.4.1 Guided Modes

Since f% < k(z)n%, the last term in Eq. (2.44) is positive and the solution of Eq. (2.44) for this case is given by
the Bessel functions

R(r)=C\J, (a;r)+ CY, (), r<a, (2.46)

where a; = 4 /k(z) f — 2, J,,(a;r) and Y, (a; r) are the Bessel functions of first kind and second kind, respec-
tively, and are plotted in Fig. 2.14. The solution Y,,(a;r) has to be rejected, since it becomes —oo as r — 0.
Therefore,
R(r)=C,J, (a;r), r<La. (2.47)
Since % > kgn3, the last term in Eq. (2.45) is negative. The solution of Eq. (2.45) is given by the modified
Bessel function
R(r) = D\K,(ayr) + D)1, (ay7), 1 2>a, (2.48)
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Figure 2.15 Modified Bessel function of (a) the first kind and (b) the second kind.

where a, = 1/f% — k(z)ng. I,(ayr) and K,,(a,r) are modified Bessel functions of the first and second kind,
respectively, and are plotted in Fig. 2.15. The solution /,,(a,r) has to be rejected since it becomes infinite as
r — oo. Therefore,

R(r) = DK, (a,r), r>a. (2.49)

Now we make use of the fact that R and dR/dr should be continuous at the core—cladding interface. If dR/dr
is not continuous, d>R/dr? will be a Dirac delta function centered at the interface and from Eq. (2.43), we find
that @R /dr? could be a Dirac delta function only if the refractive index at the interface is infinity. Otherwise,
Eq. (2.43) will not be satisfied at the interface. Since the refractive index is finite, it follows that dR/dr is
continuous at the interface. Similarly, it can be proved that R(r) is continuous at the interface. Continuity of
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R(r) and dR/dr at the core—cladding interface leads to the following equations:
CyJ(aa) = D\ K, (xya), (2.50)
CrayJ,(@,0) = D ayK,, (30), 2.51)

where " denotes differentiation with respect to the argument. Dividing Eq. (2.51) by Eq. (2.50), we obtain the

following eigenvalue equation:
J! (o) o K (xya)

== (2.52)
J,(;a) o K, (aya)
where
a = \/k(z)nf - p? (2.53)
and
@ =[P —kn3. (2.54)

Note that in Eq. (2.52), the only unknown parameter is the propagation constant f. It is not possible to solve
Eq. (2.52) analytically. Eq. (2.52) may be solved numerically to obtain the possible values of §. It would be
easier to solve Eq. (2.52) numerically if we avoid differentiations in Eq. (2.52). This can be done using the
following identities:

ayal) (aya) = —mJ,(a,a) + ajal,,_,(a;a), (2.55)
a,aK! (aya) = —mK, (aya) — ayak,,_(aya). (2.56)

Using Eqgs. (2.55) and (2.56) in Eq. (2.52), we obtain

J_1(ga a, K,,_(,a
m—l( 1 ) =__2 m—l( 2 ) (257)
J o (oya) a; K, (xa)
The propagation constants f obtained after solving Eq. (2.57) lie in the interval [kyn,, kqn;].Itis convenient
to define the normalized propagation constant

2 2
_ Pk

2 _ 2
=

b (2.58)

so that when f = kyn,, b = 0 and when f = kyn,, b = 1. For any guided mode of a step-index fiber, we have
0 < b < 1.Eq. (2.57) can be solved for various design parameters such as wavelength 4 and core radius a, and
the numerically calculated propagation constant f can be plotted as a function of a specific design parameter.
Instead, it is more convenient to define the normalized frequency

— ]2 4 g2 = /2 _ 2
V=ay/a] + a5 = kpay/n] —n;

2nfa
cf (n? —nd)'/2, (2.59)

where f is the mean frequency of the light wave. Using Eq. (2.7), Eq. (2.59) may be rewritten as

V= 2%m. (2.60)
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Figure 2.16 Plot of normalized propagation constant b versus normalized frequency V.

The solutions of Eq. (2.57) for a normalized propagation constant b as a function of normalized frequency V
give us universal curves as shown in Fig. 2.16.

To solve Eq. (2.57), we first calculate V using Eq. (2.59). Let us first set m = 0. Since Eq. (2.57) is an
implicit function of b, the left-hand side and right-hand side of Eq. (2.57) are plotted for various values of b in
the interval [0, 1]. The point of intersection of the curves corresponding to the left-hand side and right-hand
side of Eq. (2.57) gives the normalized propagation constant b of the guided mode supported by the fiber.
As can be seen from Fig. 2.17, there can be many intersections which means there are several guided-mode
solutions. This procedure is repeated form = 1,2, ... ,M. For m = M + 1, we find that Eq. (2.57) admits no
solution. When there is only one intersection (M = 1), such a fiber is called a single-mode fiber. The values
of b corresponding to the intersections for a particular value of V are shown in Fig. 2.16 by the broken lines.
This process is repeated for different values of V.

The advantage of the universal curve shown in Fig. 2.16 is that it can be used for a step-index fiber with
arbitrary refractive indices and core radius. The dependence of the propagation constant f on the specific
design parameter can be extracted from Fig. 2.16 using Eqgs. (2.58) and (2.59).

For many applications, it is required to obtain the frequency dependence of propagation constant f in a
single-mode fiber. This information can be obtained from Fig. 2.16. For the given fiber parameters and for the
desired range of frequencies, V-parameters are calculated using Eq. (2.59). Using Fig. 2.16, the corresponding
normalized propagation constants, b are calculated (corresponding to LP,) and with the help of Eq. (2.58),
propagation constants f for this range of frequencies can be calculated. For a specific value of m, Eq. (2.57)
has a finite number of solutions and the nth solution is known as the LP,,, mode. LP stands for linearly
polarized mode. Under the weakly guiding approximation, the electromagnetic field is nearly transverse and
each LP mode corresponds to either an x-polarized or a y-polarized mode. For an ideal cylindrical fiber, the
propagation constants of the x-polarized LP,,, and the y-polarized LP,,, are identical. When the refractive
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Figure 2.17 Left-hand side (LHS) and right-hand side (RHS) of Eq. (2.57) as a function of . V = 8.

index difference between the core and the cladding is large, a weakly guiding approximation is not valid.
Under this condition, E, and/or H, could be nonzero [5, 12].

Suppose one of the solutions of Eq. (2.57) is f,,,. Using Eqgs. (2.47), (2.49), (2.42), and (2.39), the electric
field distribution of this guided mode can be written as

= CiJ,, (ar) e @ =Pmi=imd) - for r<a (2.61)
Km((xzr)e_i(“”_ﬂlnllz_im‘f’) for r>a
From Eq. (2.50), we have
CJ
p, = Sfnl@®) (2.62)
K, (xya)

Using Eq. (2.62) in Eq. (2.61), we see that the only unknown parameter in Eq. (2.61) is C;, which can be
determined from the average power carried by this guided mode. In Section 1.7, the average power density
carried by an electromagnetic wave in a homogeneous medium is found to be

2
P = _h;,l : (2.63)

Under the weakly guiding approximation, the field is nearly transverse and Eq. (2.63) may be used to calculate
the power. The total power carried by a mode is [8, 9]

Py = |C1|2 /2” /a ]2 rdrd¢+ /2”/ I n(®14) —m K2 () rdrdg
° 2;121( (aya)

=F,,|C, I, (2.64)
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where 7, and #, are the characteristic impedances of core and cladding, respectively. F,,,, can be determined
after performing the integrations in Eq. (2.64) numerically. Eq. (2.61) can be normalized so that the power
carried by this mode is unity,

Po=1 or C =—— (2.65)
an
and A A
W = Ry, (Re @ Pumi=ind), (2.66)
where

(2.67)

I (17) /A/Fom for r<a
R,,.(r) = .
[, (,a0)/K, (x,0)|K, (2;,7)/\/F,,, for r>a

Figs. 2.18-2.21 show the optical intensity as a function of radial distance for various LP,,, modes. The total
number of guided modes M is given by an approximate expression [4, 13],

(2.68)

2.4.2  Mode Cutoff

Fig. 2.16 shows the plot of normalized propagation constant b as a function of normalized frequency V
obtained by solving Eq. (2.57). From Fig. 2.16, we see that when V = 10, there are six possible values of
b which means there are six guided modes. From Eq. (2.59), it follows that V is large if the ratio of core
radius to wavelength is large or the index difference is large. When V = 3, the fiber supports two modes, LP,
and LP,,. From Fig. 2.16, we see that when V < 2.4048, the fiber supports only one mode. This can be proved
as follows. Any LP,,, mode ceases to exist when b < 0 because it then corresponds to a radiation mode, since
f < kon, (Eq. (2.58)). For LP; mode, when § = kyn,, using Eqs. (2.54) and (2.58), we obtain

a, =0 and b =0. (2.69)

Figure 2.18 Optical field and power distributions of LPy; mode. V =5 and b = 0.84.
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Figure 2.20 Optical field and power distributions of LP,; mode. V =4 and b = 0.44.

In this case, using Eq. (2.53) in Eq. (2.59), we find V = a;a and with m = 1, Eq. (2.57) becomes
Jo(V) =0. (2.70)

The first zero of the zeroth-order Bessel function (Fig. 2.14) occurs at V = 2.4048. Therefore, LP;; ceases
to exist if V < 2.4048. Thus, when 0 < V < 2.4048, the fiber supports only LP,; mode. In other words, to
ensure that the fiber is single-moded, V' should be smaller than 2.4048.

2.4.3  Effective Index

From Eq. (2.39), we find that the forward-propagating mode can be written as

w(r,¢,z,t) = A R(r)®(¢) exp [—i(wt — f2)]. (2.71)
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Figure 2.21 Optical field and power distributions of LP,, mode. V = 10.3 and b = 0.456.

In analogy with a 1-dimensional plan wave (Section 1.6.1), the phase speed of this mode can be written as

v=—. (2.72)
B
The phase speed of an electromagnetic wave propagating in a uniform medium of refractive index n is
v= 5. (2.73)
Mefg
Combining Egs. (2.72) and (2.73), we find
ﬂ = %neﬂ: = koneff. (274)

Thus, n. can be interpreted as the effective index “seen” by the mode with propagating constant . Guided
modes occur if kyny < f < kogny or ny < ngg < ny.

2.4.4  2-Dimensional Planar Waveguide Analogy
Consider a 2-D planar waveguide as shown in Fig. 2.22. Let

n(x)={”1 for |x| <d/2

n, otherwise

x=d/2 '

x=0—

x=-d/2 I
A ny C

Figure 2.22 A 2-dimensional planar waveguide.
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and n; > n,. For simplicity, let us ignore the variations with respect to the y-coordinate. The ray AB corre-
sponds to a plane wave,

E. — Ae—ia)t+i(ax+iﬂz)’ (2.75)

incident

There is a total internal reflection at the interface. The reflected ray BC corresponds to
Eref — Ae—iwt—iax+iﬂz. (2.76)

Note that the z-component of the wave vector does not change after the reflection, but the x-component
reverses its sign. The total field in the waveguide can be written as

E=E, i+ E.; = 2Acos (ax)e @), 2.77)
incident ref

Thus, incident and reflected plane waves set up a standing wave in the x-direction. The rigorous solution to
the planar waveguide problem by solving Maxwell’s equation shows that § can take discrete values f, and
27ny /Ay < B, < 2zmn, /[ Ay. In the case of an optical fiber, cos (ax) is replaced by the Bessel function and the
rest is nearly the same. In Section 2.4 we have found that for single-mode fibers there is only one mode, with
field distribution given by

w = ARy, (r)e @ tibnz (2.78)

where f, is the propagation constant obtained by solving Eq. (2.57). Therefore, a guided mode of an optical
fiber can be imagined as a standing wave in transverse directions and a propagating wave in the z-direction
resulting from the superposition of the ray AB and the reflected ray BC. The propagation constant f;; and
angle ¢ are related by

Por = kony sin ¢. (2.79)

the discrete value of the propagation constant f,;; implies that ¢» can not take arbitrary values in the interval
[¢,., /2], but only a discrete value as determined from Egs. (2.57) and (2.79).

2.4.5 Radiation Modes

For radiation modes, g% < kén% In this case, the last terms on the left-hand sides of Eqs. (2.44) and (2.45) are
both positive and their solutions are given by Bessel functions,

CJ, (ar r<a
R(r) = 1 (17) .
EyJ, (o) + Ey Y, (ayr) 7> a

Continuity of R(r) and dR/dr at the core—cladding interface leads to two equations as before. But now we
have four unknowns Cy, E;, E,, and . C; can be determined from the power carried by the mode and this
leaves us with three unknowns and two equations of continuity. Therefore, we can not write an eigenvalue
equation for f as was done in Section 2.4.1 for guided modes. In fact, f can take arbitrary values in the range
0 < p < kgn,. A connection with ray optics can be made by defining

p =k sing; = kgn; sin¢;, (2.80)

where ¢; is the angle of incidence, as shown in Fig. 2.23. The ray undergoes refraction as it goes from core
to cladding if the angle of incidence ¢; < ¢.. When ¢; = ¢, we have

. ny
sing, = P (2.81)
1
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Radiation modes Guided modes
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Figure 2.23 (a) Radiation modes corresponding to refraction with angle of incidence ¢, < ¢.. (b) Guided modes cor-
responding to total internal reflection with ¢, > ¢,.

and from Eq. (2.80), we obtain
B =P, = kon,. (2.82)

Therefore, the condition that § < kyn, for radiation modes corresponds to ¢; < ¢. and the ray undergoes
refraction, as shown in Fig. 2.23(a). Similarly, the condition that kyn, < f < kgn; for guided modes cor-
responds to ¢. < ¢ < x/2 and rays undergo total internal reflection for this range of angle of incidence, as
shown in Fig. 2.23(b). The difference between guided modes and radiation modes is that the propagation con-
stants of guided modes form a discrete set while those of radiation modes are continuous. Radiation modes
do not propagate a longer distance since they are absorbed by the polymer jacket.

2.4.6  Excitation of Guided Modes

The total field in an optical fiber can be expressed as a superposition of fields due to guided modes and
radiation modes. Radiation modes are attenuated strongly due to absorption by the polymer jacket. Therefore,
the total field can be expressed as the superposition of fields due to guided modes given by Eq. (2.66):

M N,
w(r,¢,z,t) = Z 2Amann(r)e—i(a)l‘—ﬂng—imd’)’ (2.83)

m=—M n=1

where N, is the number of solutions of the eigenvalue equation (2.57) for the given m, A,,,, is the mode weight
factor which is to be determined from launch conditions, and R, (r)e™? is the transverse field distribution
given by Eq. (2.67). For convenience, Eq. (2.83) may be rewritten as

J
w20 = ) A®(x,y)e @, (2.84)
J=1

where
Aj =A,.

D;(x,y) =R, (re™?,
B; = Bn (2.85)
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and J is the total number of modes. Suppose the output of a laser is monochromatic and it is used as fiber
input. The fiber input field can be written as

w(x,y,z2=0,1) = f(x,y)e"". (2.86)

Using Eq. (2.86) in Eq. (2.84), we obtain

J
feoy) =Y A®(x,y). 2.87)
j=1

To determine A;, multiply Eq. (2.87) by @} (x, y) and integrate over the cross-section to obtain

+oo +00 J +0oo +oo
/ / FO )@ (x, )dxdy = ) A; / / @;(x, ) (x, y)dxdy. (2.88)
—00 —00 j=1 —o0 —00

Using the orthogonality relation,

+oo +o0
/_ / @, (x, )P} (x, Y)dxdy = 8, (2.89)

where 6, is the Kronecker delta function defined as

I, if j=k
5. = . 2.90
Jk { 0, otherwise ( )

Eq. (2.88) reduces to
+oo +0oo
Ay = / / J(x, y)®; (x, y)dxdy. (2.91)

Thus, for the given input field distribution f(x,y), we can find the mode weight factors A, using Eq. (2.91)
and the total field distribution at any distance z is given by Eq. (2.84). Suppose the output of the laser has
exactly the same transverse distribution as that of the fundamental mode of the step-index fiber, i.e., if f(x, y) =
D, (x,y) = Ry, (r), from Eq. (2.91), we find A; = 1 and A,, = O for m > 1. Therefore, from Eq. (2.84), the field
distribution at z is

w(x,y,z,1) = O (x,y)e @A, (2.92)

Ideally speaking, the fundamental mode LP,; can be launched to the fiber, which propagates down the fiber
without any change in shape and thereby intermodal dispersion can be avoided. However, in practice, the fiber
imperfections and refractive index fluctuations due to temperature and stress can easily transfer power from
the LP,; mode to higher-order modes. Therefore, the safest way to avoid intermodal dispersion is by ensuring
that the fiber is single-moded at the operating wavelength.

Suppose a multi-mode fiber is excited with the Gaussian input

x>+
x,y)=exp| — .
fGx,y) p< 2"

The mode weight factors A, can be calculated using Eq. (2.91) and are shown in Fig. 2.24. As can be seen,
in this example, most of the power is carried by the LPj; mode (p = 1).
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Figure 2.24 Mode weight factor versus mode index p. Core radius = 31.25 pm, A = 0.01 pm, and R, = 15 pm.

2.5 Pulse Propagation in Single-Mode Fibers

In the case of multi-mode fibers (MMFs), pulse broadening occurs because of the different times taken by the
different rays (or modes) to propagate through the fiber. This broadening can be avoided by using single-mode
fibers (SMFs). One may think that in the case of a SMF, there is only one path and hence pulses should
not broaden, but this is not true. If a monochromatic light wave of infinite duration is launched to a SMF, it
corresponds to a single ray path. However, such an optical signal does not convey any information. To transmit
data over a fiber, the optical carrier has to be modulated. As a result, the optical signal propagating in the fiber
consists of a range of frequency components. Since the propagation constant is frequency dependent (see
Fig. 2.16), different frequency components undergo different amounts of delay (or phase shifts) and arrive
at different times at the receiver, leading to pulse broadening even in a SMF. This is known as intramodal
dispersion. The degree of pulse broadening in a SMF is much smaller than that in a MMF, but for high-rate
transmission systems (>2.5 Gb/s) even the pulse spreading in a SMF could limit the maximum error-free
transmission distance.

When the output of a CW (continuous wave) laser operating at frequency w is incident on a single-mode
fiber, the optical field distribution can be written as (Eq. (2.84) withj = 1)

w(x,y,2,1) = O(x,y, 0)A(w)e 1)), (2.93)

The mode weight factor A and the transverse field distribution ® could vary with frequency w. So far we have
assumed that the fiber is lossless. In the presence of fiber loss, the refractive index appearing in Eq. (2.29)
should be complex and, as a result, the propagation constant f becomes complex,

Blw) = p.(w) + ia(w)/2, (2.94)
where f,.(®w) = Re[f(w)] and a(w) = 2Im[f(w)]. Using Eq. (2.94) in Eq. (2.93), we obtain

Y.y, 2.0) = Ox, y, 0)A(@)e™ /2T, (2.95)
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If an optical fiber is excited with multiple frequency components, the total field distribution is the superposition
of the fields due to each frequency component,

N
Y(0y.2.0) = @0 y)e™ ™ Y Aw, e non:, (2.96)

n=1

In Eq. (2.96), we have ignored the frequency dependency of the transverse field distribution ® and also that
of the loss coefficient a. This is valid if the frequency spread Aw = |wy — ®,| is much smaller than the mean
frequency of the incident field. If the incident field envelope is a pulse, its frequency components are closely
spaced and we can replace the summation in Eq. (2.96) with an integral

w(x,y,z,1) = O, y)F(t,2) (2.97)
where
e—az/Z ® .
F(t,7) = 5 / A(w)e 1@ g, (2.98)
ﬂ: —00
- . Alw,)
Alw) =27 lim . (2.99)
Aw,—0 Aa)n
From Eq. (2.98), we have .
F(1,0) = Zi / Alw)e™ ™ dew. (2.100)
T —00

Eq. (2.100) represents the inverse Fourier transform of A(w). Therefore, the Fourier transform A(w) of the
incident pulse F(z,0) is .

Alw) = / F(t,0)e dt. (2.101)
Thus, for the given incident pulse shape, we can calculate A(w) using Eq. (2.101) and the optical field distri-
bution at any z can be calculated using Eqgs. (2.97) and (2.98). The impact of the fiber is characterized by f(w).
However, in practice, the dependence of the propagation constant on frequency for the commercially available
fibers is not known. Besides, from the fiber-optic system design point of view, it is desirable to characterize
the fiber using a few parameters. Therefore, we do the following approximation. The propagation constant
at any frequency o can be written in terms of the propagation constant and its derivative at some reference
frequency (typically the carrier frequency) w, using Taylor series,

mm=%+m@—%némm—%f+~, 2.102)
where
Bo = B (@), (2.103)
_ b, _ 1
B = T o = U_g’ (2.104)
&,
=" . (2.105)

p, is the inverse group velocity and f, is the second-order dispersion coefficient (see Section 1.10). If the
signal bandwidth is much smaller than the carrier frequency @, we can truncate the Taylor series after the
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second term on the right-hand side. To simplify Eq. (2.98), let us choose the variable Q = w — w,,. Using
Eq. (2.102) in Eq. (2.98), we obtain

+o0

F(t,7) = % / B(Q) exp [—az/2 — i(wyt — fo2) + i1 Qz + if,Q2/2] exp (—iQu) dQ
_exp[—az/2 — i(wyt — fyz)]
- 27

_exp [—i(wyt = By2)]
- 2

+o0
/ B(Q) exp (i Qz + if,Q%2/2 — iQ1) dQ

+o0
/ B(Q)Hf(Q, z) exp (—iQ1) dQ, (2.1006)

where
Hy(Q,2) = exp (—az/2 + if;Qz + ifQ°2/2) (2.107)

is called the fiber transfer function and
B(Q) = A(w, + Q). (2.108)

The linear phase shift €z corresponds to a delay in time domain. To see that, set f, = 0 in Eq. (2.107) and
the fiber output at z = L,

—_ — 7 _ +o00
exp [~az/2 . {@y! = o] / BQ)exp [iQ( — f,L)] dQ
77: -0

=exp [—az/2 — i(wyt — fyL)1B(t — f,L). (2.109)

Ft,L)=

In a dispersion-free fiber (f, = 0), the pulse is simply delayed by g, L at the fiber output without any change
in pulse shape, as in the free-space propagation. Using Eqgs. (2.98) and (2.106), the optical field distribution
can be written as

wx,y,z,0) = O,y) expl—ilwyr — fyz)] s(t,2) , (2.110)
\,-J . ~ J R’J
transverse field carrier field envelope
where o
s(t,z) = 2i / BQH(Q, z) exp (—iQ1) dQ (2.111)
T J_ ’
and e
B(Q) = / s(t,0) exp (iQr)dt. (2.112)
Eqgs. (2.111) and (2.112) can be rewritten as
s(t,2) = F~ [BEOQHH(Q,2)] , (2.113)
B(Q) = Fs(t,0)], (2.114)
B(Q) = s(1,0), (2.115)

where F and F~! denote Fourier and inverse Fourier transforms, respectively, and = indicates that they are
Fourier transform pairs. In this section, we focus mainly on the field envelope s(z, z). Let us assume that the
transverse field distribution of the laser output is the same as that of the fiber, and therefore there is no change
in the transverse field distribution along the fiber. Let the field envelope of the laser output be s,(7),

5,(1) = s(1,0) (2.116)
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Figure 2.25 Optical fiber as a linear time-invariant system.

and
B(Q) = Fls;()] = 5(L). 2.117)

The fiber can be imagined as a linear system with transfer function Hy(£, z) (see Fig. 2.25), The impact of
the fiber nonlinearity is discussed in Chapter 10. Let the field envelope of the fiber output s(z, L) be s, (1),

s(t, L) =s,(1), (2.118)
Fls,(0]=35,() = Hp(Q, L)3;(€2). (2.119)

The optical signal propagation in a single-mode fiber can be summarized as follows.

Step 1: Input field envelope s,(¢) is known. Take its Fourier transform to obtain 5;(€2).

Step 2: Multiply 5;(€2) by H,(£, L) to get the output spectrum 5,,(€2).

Step 3: Take the inverse Fourier transform of §,(€2) to obtain the output field envelope s, (7).
Step 4: The total field distribution at the output is obtained by

W(x’ Ys L, t) = (D(-x9 )7) exXp [_i(a)Ot - ﬂOL)]SU(t)' (2 120)

The advantage of this approach over that using Eq. (2.98) is that the fiber is characterized by three parameters
Po» 1, and p, instead of f(w). As the spectral width of the signal transmitted over the fiber increases, it may
be necessary to include higher-order dispersion coefficients such as f; and f,. f; and f, can be measured
experimentally even if the fiber index profile is unknown. For example, by transmitting the output of a CW
laser of angular frequency @, over a fiber of length L, the time of flight A7), to traverse the distance L can be
measured and f, (@) is AT, /L. Repeating the same experiment at o, + Aw, f, (@, + Aw) can be calculated.

f, can be estimated as
~ Bi(wy + Aw) — f(w;)

2.121
pr v (2.121)
2.5.1 Power and the dBm Unit
The average power density of a plane wave is given by
B2
pov = IEI” (2.122)

where E_ is the peak amplitude of the electric field intensity and 7 is the intrinsic impedance of the dielectric
medium. A plane wave has infinite spatial extension in x- and y-directions and, therefore, the power carried
by a plane wave is infinite. Under the LP-mode approximation, a fiber mode can be interpreted as a plane
wave with finite spatial extension in the x- and y-directions and, therefore, power carried by a fiber mode can
be obtained by integrating the absolute square of electric field intensity as done in Eq. (2.64),

¢S] B ¢ 2 ¢S] , 2
P:/ |Ex|2idxdy= [s(t, 2)]| / [p(x, ) dxdy
oo 2n 2 o n
=K|s(t,2)|%. (2.123)
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Thus, we see that the power is proportional to the absolute square of the field envelope s(z, z). Throughout
this book, unless otherwise specified, we set K = 1 so that the absolute square of the electric field envelope
is equal to the power.

Often it is convenient to use the logarithmic unit for power. The optical power in dBm units is expressed as

(2.124)

W
power (dBm) = 101log,, [%(m)] .

1 mW

In Eq. (2.124), I mW is chosen as a reference power and the letter “m” in dBm is a reminder of the 1 mW
reference. For example, | mW of transmitter power corresponds to O dBm. If the transmitter power is increased
to 2mW, a factor of 2 in linear scale corresponds to 3 dB, and, therefore, in this case, the transmitter power is
3 dBm. Note that the optical power expressed in dBm units is not really a unit of power such as mW, but the
ratio of the power in mW and 1 mW expressed in dB units. Typically, the loss and gain in a fiber-optic system
are expressed in dB units. The advantage of using dBm units is that multiplications and divisions involving
power and loss factors can be replaced by additions and subtractions as illustrated in Examples 2.8 and 2.9.
Inverting Eq. (2.124), we find

power (mW) = 1Qpower (Bm/10 yyyy. (2.125)

Example 2.4

The power transmitted in a fiber-optic system is 0.012 W. (a) Convert this into dBm units. (b) The received
power is —5 dBm. Convert this into mW units.

Solution:
(a) From Eq. (2.124), the transmitted power in dBm units is
12 mW
P,(dBm) = 10log,, [ = ] =10.79dBm. (2.126)
(b) The received power is
P,..(dBm) = —5dBm. (2.127)
Using Eq. (2.125), we find
P .(mW) = 107/ mW = 0.3162mW. (2.128)

Example 2.5 Rectangular Pulse

The laser shown in Fig. 2.26 operates at 375 THz. It is turned on for 50 ps and then turned off. Sketch the field
envelope at the screen if the medium is (a) free space, (b) fiber with , = 0, (c) fiber with , = =21 ps®/km.
Ignore fiber loss.

Solution:
Under steady-state conditions, the electric field intensity of a CW laser (ignoring the transverse field distri-
bution) may be written as

F(t,0) = f(t) = Aexp [—i2xfyt], (2.129)
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Figure 2.26 Pulse propagation in free space and optical fiber.

where f, = 375 THz. When the laser is turned on for 50 ps and then turned off, a rectangular pulse is generated
and, in this case, the electric field intensity is

E(t,0) = f(t) = s;(¢) exp [i2zfyt], (2.130)
where
5i(t) = Arect <i> (2.131)
Ty
and T, = 50 ps.
(a) In Section 1.6, the electric field intensity at the screen (z = L) is found to be
F(t,L)=f(t—T,) =s,(—T))cos [2xfyt — T))l, (2.132)
where
s,(t) = rect , (2.133)
Ty

T, = L/c, and c is the velocity of light in free space. The field is delayed by 7, = L/c, which is the propagation
delay as shown in Fig. 2.27.
(b) In the case of an optical fiber, let us first consider the case f, = 0.

Step 1:

s;(t) = Arect <Ti0> ,

3 To/2 Asin(zfT,)
5()=A / exp (2zft)dt = ———. (2.134)
~Ty/2 zf

Step 2: The transfer function of a loss-free fiber in the absence of f, is

Hy(f, L) = exp (i2zf j, L), (2.135)
A sin(zfT,)

5,() = gi(f)Hf(f» L)= f

exp (27 B, L). (2.136)
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Figure 2.27 In free space, the pulse shape does not change.

Step 3: The delay in time domain corresponds to a constant phase shift in frequency domain,

g(t — Ty) = 3(f) exp (i2xf Ty). (2.137)

Using Eqgs. (2.134) and (2.136), the output field envelope may be written as

t—p,L
%®=g0—mb=ma< - >. (2.138)

0

Fig. 2.28 shows the field envelope. As can be seen, there is no change in the pulse shape at z = L. It
is simply delayed by f, L, similar to the case of free-space propagation.

(c) When g, # 0, Eq. (2.136) may be written as

‘Mﬁ=éigﬂ32ﬁpWﬁﬂL+Khﬂ%¢ﬂ] (2.139)
5o = F 5,1 (2.140)

It is not possible to do the inverse Fourier transform analytically. Fig. 2.29 shows the output field envelope
5,() obtained using numerical techniques when , = —21 ps?>/km and L = 80 km. As can be seen, there is a
significant pulse broadening after fiber propagation.

Step 4: The total field distribution at the fiber output is

y(x,y, L, 1) = ®(x,y) exp [—i(wyt — fy2)]so(0). (2.141)

Fig. 2.30 shows the total field distribution at the fiber input and output (transverse field distribution
is not shown).

/W) ;m
50 ps —> —s0ps > !
f€ PL !
At the laser At the screen

Figure 2.28 The field envelopes at the laser and at the screen. In optical fibers with g, = 0, the pulse shape does not
change.
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5(1)
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5,(1)
I— 50 ps —> l 50 ps > t >
= N|
l« BL »>|
At the laser At the screen

Figure 2.29 Optical field envelopes when g, # 0. L = 80km, 8, = —21 ps*/km.
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Figure 2.30 Total field distribution at the laser and at the screen when f, # 0.

Example 2.6 Gaussian Pulse
The input field envelope is
si(t) = Aexp (—12/2T}), (2.142)

where 7, represents the half-width at 1/e-intensity point and A is the peak amplitude. Find the output field
envelope in a dispersive fiber. Ignore fiber loss and constant delay due to f,.

Solution:
To relate 7|, to the full-width at half-maximum (FWHM), Tli?r{VHM’ let us first write an equation for power
P() = [s,0)> = A%/, (2.143)
Ppax = P(0) = A%, (2.144)

Let #, be the time at which the power is half of the peak power, as shown in Fig. 2.31. Since FWHM means
the full-width at half-power point, we have

P(t)) = A*/2 = A>exp (=1, /T}). (2.145)
Taking logarithms on both sides, we obtain

1, = Ty(In 2)'/2 (2.146)
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Figure 2.31 A Gaussian pulse.

and

Tin =21, = 2(In 2)!/2T, ~ 1.665T,, (2.147)

The transfer function of an optical fiber in the absence of fiber loss is given by Eq. (2.107) as
H((f,L) = exp [if 2zf)L + if,2xf)>L/2]. (2.148)

As mentioned before, the first term on the right-hand side introduces a constant delay and, hence, it can be
ignored for the purpose of evaluating the output pulse shape. Using the following identity:

exp (—71*) = exp (—xf?), (2.149)

where = indicates that they are Fourier transform pairs and using the scaling property

glat) = lg(f/a), Re(a) > 0, (2.150)
a
the Fourier transform of s,(¢) can be calculated. Taking
1
a= , (2.151)
5,(t) = Aexp [~z(an?] = 2 exp [-n(f/a)"] = 5.(6). 2.152)
a
Therefore, we have
5,() = 5,(F)H(f, L)
2
e —% +ify(2nf)*L)2
a a
_4 exp (—zf%/b?), (2.153)
a
where | |
i i27p,L. (2.154)
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Using Eqgs. (2.149) and (2.150), the inverse Fourier transform of §,(f) is
5,(0) = Ab exp [-x(th)*] . (2.155)
a

Using Eqgs. (2.151) and (2.154), we have
72 — ip,L]'/

g - — (2.156)
0
2
b =— (2.157)
ATy - ip,L)
Therefore, the output field envelope is
® Ty £ (2.158)
s,() = —F———exXp |———| . :
(Tg —ip, L)' /? P 2(T3 - ip,L)
To find the pulse width at the output, let us first calculate the output power
A2T? 7 :
P,(t) = s, = 0 ~exp l—z—] (2.159)
(12 - ip,) | 2(15 kL)
Since
7 (Ty +ipyL) > 160
2T2—ifl)  ATE+ ALY (100
we obtain
Py = A i 2.161)
= exp| —— .
0 T1 le
where T7 = (T + p;L?)/T,. The FWHM at the output is given by
(T4 + ﬂ2L2)1/2
T o =2(In2)'/2T, =2(n 2)'/? L2~ (2.162)

FWHM TO

To determine the amount of pulse broadening, the ratio of output to input pulse widths is calculated as

out (T4 +ﬁ2L2)1/2
g=—" =0 2 . (2.163)
TFWHM TO
When
|B,LI = V/3T? (2.164)

we find @ = 2, which means that the output pulse width is twice the input pulse width. Note that the amount
of pulse broadening is independent of the sign of the dispersion coefficient f,.
The frequency chirp or instantaneous frequency deviation is defined as

d¢

bo(t) = ~—. (2.165)

www.EngineeringEBooksPdf.com



Optical Fiber Transmission 67

where ¢ is the instantaneous phase of the field envelope and ow(t) is the instantaneous frequency deviation
from the carrier frequency. Note that the optical carrier is of the form exp (—iw ). A negative sign is introduced
above so that a positive value of 6@ implies the frequency is up-shifted. At the fiber output, from Eq. (2.160),
the instantaneous phase is

2B,L

T Hr272
2T1T0

é() =

+ const. (2.166)

Substituting Eq. (2.166) in Eq. (2.165), we find

da 1) = <%> 3 (2.167)
7272

Fig. 2.32 illustrates the evolution of power and chirp along the fiber length. At the fiber output, the pulse
becomes chirped and the sign of the chirp depends on the sign of the dispersion coefficient f3,. In Fig. 2.32
(b) and (c), we see that the trailing edge is down-shifted in frequency (or red-shifted) and the leading edge
is up-shifted (or blue-shifted). This can be explained as follows. When the dispersion is anomalous (f, < 0),
high-frequency components of the pulse travel faster than low-frequency components (see Section 1.10).
Since these components arrive at different times, this leads to pulse broadening. Since the low-frequency
components of the pulse (components whose frequency is lower than the carrier frequency) travel slower,
they arrive later and, therefore, they are present near the trailing edge, which is another way of saying that the
trailing edge is down-shifted in frequency.

1 1 1
Leading edge| | Trailing edge
=
g
05 0.5 0.5
15
=3
o
=%
0.2/\
ol 0 0
200 <100 -50 0 50 100 200 -200 100 50 0 50 100 200 -200 100 50 0 50 100 200
11 Time (ps) Time (ps
x10 p .,x1011 (ps) 10"
3 3 3
2 . ]
2L «— up-shift 2

1

Frequency chirp,de (rad/s)
2

-1 down-shift—>
2 2 down-shift =™ .
S0 -100 50 0 50 100 200 -.3200 100 -50 0 50 100 200 00 <100 -50 0 50 100 200
Time (ps) Time (ps) Time (ps)
(a) At L=0 (b) At L=80 km (c) At L=160 km

Figure 2.32 Evolution of unchirped Gaussian pulse in optical fiber. g, = —21 ps?/km, 7, = 30 ps.
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2.6 Comparison between Multi-Mode and Single-Mode Fibers

MMFs have several advantages over SMFs. The core radius of a multi-mode fiber (25—35 pm) is much larger
than that of a single-mode fiber (4—9 pm). Therefore, it is easier to launch optical power into a MMF and
also to splice two MMFs. The large core of a MMF facilitates simple fiber-to-fiber or fiber-to-transceiver
alignment and, hence, is best suited to local area network (LAN) applications [14]. The relative index
difference A of a MMF is larger than that of a SMF. Therefore, the numerical aperture of a MMF is large,
which implies more light can be launched to the fiber from an inexpensive optical source that has a large
angular spread, such as a LED. To have a reasonable power coupling efficiency, SMFs are excited with laser
diodes. Inexpensive short-haul fiber-optic links can be designed using LEDs and multi-mode fibers. How-
ever, multi-mode fibers are not used for long-haul and/or high-bit-rate applications because of intermodal
dispersion. Although the dispersion can be reduced to some extent using graded-index multi-mode fibers,
the pulse broadening increases linearly with distance (Eq. (2.24)) and becomes unacceptably large for a
fiber-optic link that is hundreds of kilometers long. Typically, the transmission reach of a MMF fiber-optic
link at a bit rate of 1 Gb/s is limited to a few kilometers. Intermodal dispersion would be absent if there was
only one mode. Therefore, single-mode fibers are used for long-haul (1000 km—30,000 km) and high-bit-rate
(10 Gb/s—100 Gb/s) applications.

From the information theory point of view, the channel capacity of a multi-mode fiber is larger than that of a
single-mode fiber. This is because, in principle, each mode of a MMF can carry as much information as a SMF.
When different modes of a MMF carry independent sets of data it is known as mode-division multiplexing,
which has attracted significant attention recently [15—19]. In an ideal MMF with M guided modes, there is
no power coupling among modes and the channel capacity can be enhanced by the factor M. However, due to
refractive index fluctuations along the fiber, there is an exchange of power among modes, leading to cross-talk
between channels of a mode division multiplexed system. This cross-talk can be compensated for by using
digital signal processing techniques [15].

2.7 Single-Mode Fiber Design Considerations

The parameters that are important for the design of a single-mode fiber are (i) cutoff wavelength, (ii) fiber loss,
(iii) dispersion, (iv) dispersion slope, (v) polarization mode dispersion, and (vi) spot size. Using a step-index
optical fiber, it is not possible to optimize all these parameters. Therefore, the refractive index profile n(r)
is chosen so that the design parameters listed above are optimum for a specific application. For the given
refractive index profile n(r), the Helmholtz equation (2.28) is solved to obtain the propagation constant f(w)
and the mode distribution function ®(x, y). From this data, design parameters can be calculated. As an inverse
problem, the refractive index profile n(r) can be constructed to meet the given specifications on the design
parameters. However, in some cases, a solution to the inverse problem does not exist. For example, it is
desirable to have a large spot size (to reduce nonlinear effects) as well as a low dispersion slope to improve
the performance of a wavelength-division multiplexing (WDM) system. But it turns out that as the spot size
increases, the dispersion slope also increases. In the following subsections, important design parameters of a
single-mode fiber and their interrelationships are discussed.

2.7.1 Cutoff Wavelength

For high-bit-rate and long-haul applications, it is essential that the fiber is single-moded. The single mode

condition for a step-index fiber is given by Eqgs. (2.70) and (2.59),
V= 2L/1(1(n% — )12 <2.4048. (2.168)
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For example, if A=1.55pm, a =4pm, and (n% - ng)l/2 =0.1, V =1.62. Therefore, this fiber is
single-moded at this wavelength. However, if A = 0.7 pm corresponding to optical communication in
the visible spectrum, V becomes 3.59 and the fiber is not single-moded at this wavelength. For the given
fiber parameters, the cutoff wavelength is defined as

27m(nf - ng)l/2
c 2.4048
_ 27a NA
T 24048

If the operating wavelength 4 is less than 4., the fiber will not be single-moded. For fibers with arbitrary index
profiles, the Helmholtz equation (2.28) should be solved numerically to find the propagation constants f, as
a function of frequency, from which the conditions for the cutoff of higher-order modes can be established.

(2.169)

Example 2.7

The cutoff wavelength for a step-index fiber is 1.1 pm. The core index n; = 1.45 and A = 0.005. Find the
core radius. Is this fiber single-moded at 1.55 pm?

Solution:
From Eq. (2.8), we find
n, =n (1 —A) =1.4428. (2.170)
Using Eq. (2.169), we find
240484,
=2.907 pm. (2.171)

a=——*—
2m(nf — n3)'/?

Since the operating wavelength 4 = 1.55 pm > A, it is single-moded at this wavelength.

2.7.2 Fiber Loss

Before the advent of optical amplifiers, the maximum transmission distance of a fiber-optic system was deter-
mined by the fiber loss, as the optical receivers need a certain amount of optical power to detect the transmitted
signal reliably. Now the optical amplifiers are widely used and yet the maximum reach is affected by the fiber
loss. This is because the optical amplifiers add noise whose power spectral density is proportional to the
amplifier gain, which in turn is proportional to the fiber loss (see Chapter 6). In other words, the amount of
noise in a long-haul communication system is directly related to fiber loss. In addition, if the fiber loss is
small, the amplifier spacing can be increased, which reduces the system cost. So, it is important to design a
fiber with the lowest possible loss.
Let us consider a CW input to the fiber. The optical field distribution is given by Eq. (2.95),

vy, = @y w) Alw)exp(—az/2)exp [—i(wt - f(w)2)]. (2.172)
AK—J ~ g -\ 'g -
transverse distribution field envelope optical carrier

The optical power is given by Eq. (2.123),

P(z) = |A(w) exp (—az/2)|%. (2.173)
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At the fiber input,
Py, = P(0) = |A(w)|*. (2.174)

m

At the fiber output z = L,
P, = P(L) = |A(w)|* exp (—aL) = P, () exp (—aL). (2.175)

The optical power loss in dB units due to propagation in a fiber of length L is defined as

P
loss(dB) = ~101og;y " = ~10(~aL) log,ge = 4.343aL. (2.176)

m

Here, « is the attenuation coefficient in units of km™'. The loss per unit length is
a(dB/km) = 4.343a. (2.177)

Next, let us consider the origin of fiber loss. The light wave is attenuated as it propagates in fiber mainly
due to (i) Rayleigh scattering and (ii) material absorption. In the following subsections, we discuss these
mechanisms in detail.

2.7.2.1 Rayleigh Scattering

Consider a perfect crystal with uniformly spaced atoms or molecules. When a light wave is incident on this
crystal, electrons in the atoms oscillate and emit light waves of the same frequency as the incident light
wave under a linear approximation (see Chapter 10). In other words, each atom acts as a tiny receiving and
transmitting antenna. The light emitted by an atom could be in all directions. However, for a perfect crystal
with uniformly spaced atoms or molecules, it can be shown that the emitted light waves add up coherently in
the direction of the incident light wave; in any other direction, we get no light as they add up destructively [20].
In other words, in a perfect crystal, there is no scattering of incident light. Next, consider a crystal with defects
such as atoms missing or irregularly placed in the lattice structure. In this case, light waves emitted by atoms
may not add up destructively over a range of directions, which leads to scattering.

Rayleigh scattering is the scattering of light by atoms or molecules of size much smaller than the wave-
length of the light. It is an important mechanism arising from local microscopic fluctuations in density and
compositional variations. The fluctuations in density correspond to irregularly spaced atoms or molecules in
a lattice structure and as a result, incident light is scattered over a range of angles as shown in Fig. 2.33. If
the angle of scattering 0 is less than the critical angle, it will escape to the cladding and then be absorbed
at the polymer jacket. A part of the optical field is back-reflected as well, due to Rayleigh scattering which
propagates as a backward-propagating mode. These effects lead to loss of power in the forward-propagating

Cladding

Cladding

Figure 2.33 Rayleigh scattering in optical fibers.
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direction. The loss coefficient due to Rayleigh scattering can be written as

ap % (2.178)
Because of the strong wavelength dependence of Rayleigh scattering, short wavelengths (blue) are scattered
more than long wavelengths (red). The scattering at 400 nm is 9.2 times as great as that at 700 nm for equal
incident intensity. Rayleigh scattering of sunlight in a clear atmosphere is the reason why the sky is blue. This
also explains why the sun looks red in the morning/evening. The distance between the sun and an observer is
large in the morning/evening and the light has to go through a thicker atmosphere, causing the lower wave-
lengths (violet, blue) to suffer higher losses (see Eq. (2.178)) and their intensities would be too low to detect.

The dominant contributions to the fiber loss come from Rayleigh scattering in the wavelength range of
practical interest, 1550—1620 nm. One of the reasons why fiber-optic communication systems operate in the
infrared region instead of the visible region (400—700 nm) is that the loss due to Rayleigh scattering is much
smaller in the former region because of its A~* dependence. Fig. 2.34 shows the measured loss spectrum
of a single-mode fiber with 9.4 pm core diameter and A = 0.0019 [3]. As can be seen, the lowest fiber loss
occurs at 1.55 pm wavelength. For the silica fiber, at A = 1.55 pm, the loss due to Rayleigh scattering alone
is ap = 0.1559 dB/km. Thus, for the fiber shown in Fig. 2.34, 77% of the total loss at 1.55 pm comes from
Rayleigh scattering.

Conventional optical fibers are fabricated by doping the silica with GeO,. The addition of a small amount
of GeO, increases the refractive index and, therefore, enhancement of the core refractive index relative to
the cladding index is achieved. However, the addition of GeO, increases the Rayleigh scattering. Therefore,
efforts have been made to fabricate pure silica core fibers (PSCFs) in which the core is pure silica [21, 22]. The
refractive index of cladding is reduced relative to the core index by adding a small amount of flourine. Since
most of the light is confined to the core, the PSCF has lower Rayleigh scattering coefficient than the conven-
tional silica—GeQ, core fiber. The attenuation of 1570 nm for PSCFs is 0.154 dB/km [21], which is the lowest
attenuation reported, whereas the lowest attenuation for the silica—GeO, core fiber is about 0.19 dB/km.

2.7.2.2 Material Absorption

Material absorption can be divided into two types: (a) intrinsic absorption and (b) extrinsic absorption.

100
50

Loss (dB/km)

01 0.8 1.0 1.2 1.4 1.6
Wavelength (um)

Figure 2.34 The measured loss spectrum of a single-mode fiber. Source: (After Ref. [3]. (¢) IET. Reprinted with per-
mission from [3]. Copyright (1979) IET.
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Intrinsic Absorption

This loss is caused by the interaction of light with pure silica. An electron in the silica molecule absorbs light
and it makes a transition from one electron state to another. This kind of resonance occurs in the ultraviolet
region (4 < 0.4 um) for silica and the tail of the absorption band extends throughout the visible spectrum.
A photon could interact with a molecule, causing a change in its vibrational state. This also leads to photon
absorption or optical power loss. This kind of vibrational resonance occurs in the far infrared region A > 7 pm,
and the tail of the vibrational resonances can be seen in Fig. 2.34 for A > 1.6 pm.

Extrinsic Absorption

This loss is caused by the interaction of light with impurities in silica. Metal impurities such as Cu, Fe,
Cr, Ni and V lead to a strong signal attenuation. These impurities can be reduced to less than one part in
10'° by glass-refining techniques such as vapor-phase oxidation [23]. One of the major sources of extrinsic
absorption is the water vapors present in silica fibers. The OH ion of the water vapor is bonded into the
glass structure and has a fundamental vibrational resonance at 2.73 pm. Its overtones and combination tones
with the fundamental silica vibrational resonances lead to strong absorption at 1.38, 1.24, 0.95, and 0.88 pm
wavelengths. As shown in Fig. 2.34, the absorption at 1.31 pm is the strongest and its tail at 1.3 pm was the
main hurdle for the development of fiber-optic communication systems at 1.3 microns. Efforts have been
made to reduce the absorption at 1.31 pm to less than about 0.35 dB/km by reducing the water content in the
glass [24, 25]. The majority of fiber-optic systems operate around the wavelength windows centered at 1.3 pm
and 1.55 pm. This is because the window centered at 1.3 um has the lowest dispersion for a standard SMF
and the window at 1.55 pm has the lowest loss.

Example 2.8

A fiber of length 80 km has a loss coefficient of 0.046 km™". Find the total loss. If the power launched to this
fiber is 3 dBm, find the output power in mW and dBm units.

Solution:
The loss per unit length (dB/km) = 4.343 x 0.046 = 0.2 dB/km. Total loss = 0.2 X 80 = 16dB. From
Eq. (2.124), we have

P(mW)
P(dBm) = 101 . 2.179
(dBm) 0810 TmW ( )
From Eq. (2.175), we find
P, (mW) = P,,(mW) exp (—aL). (2.180)
Dividing Eq. (2.180) by 1 mW and taking logarithms, we find
P, (mW)exp (—aL)
P, (dBm) = 101log,, { = Tt
= P;,(dBm) + 10 log, exp (—aL)
POU[
= P;,(dBm) + 10 log,, D (2.181)

mn
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Using Eq. (2.176), we find
P, (dBm) = P;,(dBm) — loss(dB)
=3dBm — 16dB
=—13dBm. (2.182)

Note that using dBm units, multiplication (Eq. (2.180)) is replaced by subtraction (Eq. (2.182)). Using
Eq. (2.125), we find
P, (mW) = 107310 mW = 0.05 mW. (2.183)

Example 2.9

Consider a fiber-optic system consisting of a fiber with loss F followed by an amplifier of gain G (see
Fig. 2.35). The launch power is P;,. Calculate the output power of the amplifier in dBm units.

Solution:

Fiber-out

Fiber loss (dB) = F(dB) = —10 loglop—in. (2.184)
Fiber loss in linear units,F’ = @. (2.185)
in

Fiber-out = FP;,. (2.186)

Similarly, the amplifier output power is
Py = GFP;,. (2.187)

From Eq. (2.124), we find

P(dBm) = 101og10P1 (Eg). (2.188)

Suppose that P, and P;, in Eq. (2.187) are given in units of mW. Divide Eq. (2.187) by 1 mW and take
logarithms on both sides to obtain

10log, 2 — 1010g,, [SEPn (2.189)

0T mw O Tmw | '
Fiber Amplifier

P, Fiber-out = Amp-in Pout

—» F > G

Figure 2.35 A fiber-optic link consisting of a fiber and an amplifier.
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P, (dBm) = 101log;,G + 10log;oF + 10 log;,P;,
= G(dB) — F(dB) + P;,(dBm). (2.190)

Note that any loss (such as fiber attenuation) in the system is subtracted from the input power in dBm units
and any gain (such as amplifier gain) is added.

2.7.3 Fiber Dispersion

A medium is said to be dispersive if the group speed of light changes with the frequency of the optical wave.
For example, a pulse p; with carrier frequency f; = 193 THz and inverse group speed f,(f;) = 5 ps/km is
delayed by

AT, = p,(f;))L =50 ps (2.191)

after propagating through a 10-km fiber. Consider another pulse p, with a different carrier frequency
> =f1 + Af. If the fiber is not dispersive (f, = 0), the inverse group speed f,(f>) is the same as f,(f}) and,
therefore, the pulse p, is delayed by the same amount

AT, = B,(fy)L = 50 ps. (2.192)

In this case, the differential delay between the pulses is zero. Next, consider a dispersive fiber with
B, = 100 ps? /km at 193 THz. By definition,

sy P B _ 1 dB
2 do? do 2z df
+ Af) —
o LA+ A) - B (2.193)
2z Af
or
Bi(fy) = Bi(f) + 27 Af B,. (2.194)
Let Af = 1 THz. The pulse p, is delayed by
AT, = p,(f,)L = p,(fi))L + 2z Af p,L (2.195)
=50.00628 ps. (2.196)
The differential delay between the pulses is given by
AT = AT, — AT, =2z Afp,L (2.197)
=6.28 ns. (2.198)

In other words, pulse p, arrives at the fiber output later than pulse p, by 6.28 ns. Instead of finding the deriva-
tive of f§; with respect to frequency as in Eq. (2.193), we could define its derivative with respect to wavelength,

dp,
D=— 2.1
TR (2.199)
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where D is called the dispersion parameter. Since

=5, (2.200)
A
c
df = T dA. (2.201)
Using Eq. (2.201) in Eq. (2.199) and making use of Eq. (2.193), we obtain
—2rc
= b. (2.202)
Substituting Eq. (2.202) in Eq. (2.197), the differential delay can be rewritten as
AT = DLAA, (2.203)

where A4 = —cAf/ flz. The above relation can be understood from the fact that f; is the delay per unit length
and D is the delay per unit length per unit wavelength (Eq. (2.199)).

Fiber dispersion can be divided into two parts: (i) material dispersion and (ii) waveguide dispersion. Material
dispersion is due to the frequency dependence of the refractive index of glass. Just like a prism spreads white
light into a rainbow of colors (see Section 1.10), different frequency components travel at different speeds
in glass, leading to pulse spreading. The second contribution to fiber dispersion comes from the waveguide
effect and is known as waveguide dispersion. The dependence of the propagation constant on frequency can
be varied by changing the refractive index profile. For example, if we change the refractive index profile from
step index to parabolic index, the dispersion coefficient f, could vary significantly. In a hypothetical case in
which the refractive index of core/cladding does not change with frequency, the fiber dispersion coefficient
f, could be nonzero because of waveguide dispersion. The product of the dispersion parameters D and fiber
length is called accumulated dispersion.

A curve fitting to an experimentally measured dispersion parameter of a standard single-mode fiber (SSMF)

is given by
4

S A
D)= lzl - /1—2] ps/(nm - km), (2.204)

where A4, = 1317 nm and S, = 0.088 ps/(nm2 - km). From Eq. (2.204), at A = 4,5, D(4,) = 0 and, therefore,
A 1s called the zero dispersion wavelength and

dD

dA
Sy 1s called the dispersion slope at A,. Fiber loss is the lowest at 1550 nm and, therefore, most of the opti-
cal communication systems operate in the wavelength range 1520—1620 nm. In this wavelength range, the
dispersion parameter of a standard SMF is quite high, which leads to strong intersymbol interference (ISI)
at the receiver. To avoid this problem, dispersion-shifted (DS) fibers were invented in the 1980s and 1990s
[26, 27] which have Ay = 1550 nm. In the absence of fiber nonlinearity, the ideal characteristics of a fiber
are low dispersion parameter |D| and low loss, which can be achieved using DS fibers. However, it was soon
realized that DS fibers are not suitable for WDM systems since nonlinear interactions between channels, such
as four-wave mixing (FWM) and cross-phase modulation (XPM), are enhanced because of low dispersion
(see Chapter 10). In the mid-1990s, nonzero dispersion-shifted fibers (NZ-DSFs) were invented, for which A,
is chosen to be out of the wavelength region 1530—1565 nm [28]. For NZ-DSFs, dispersion near 1550 nm is
large enough to suppress the nonlinear effects and yet low enough to avoid strong ISI due to dispersion. Alter-
natively, the dispersion of the transmission fiber can be compensated for by using dispersion-compensating
fibers (DCFs) (see Section 2.8) or using an equalizer in the electrical domain. This topic is discussed in detail
in Chapter 11.

=S, (2.205)
A=
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2.7.4  Dispersion Slope

The dispersion parameter depends on the wavelength. For a single-channel low-bit-rate optical communica-
tion system, the spectral width Af (and therefore the wavelength spread |A 4|) is quite small and the dispersion
parameter D(A) can be considered as a constant over a small AA. However, for a high-bit-rate wide-band
communication system, the dependence of D on the wavelength can not be ignored. For example, the spectral
width of an optical non-return-to-zero (NRZ) signal at B = 160 Gb/s is roughly (see Chapter 4)

Af ~ 2B =320 GHz. (2.206)
Since ¢ = f 4,
AL _ &
—_— = 2.207
] 7 ( )

At the carrier wavelength 4. = 1550 nm, A4 = —2.56 nm. The change in dispersion over such a large wave-
length spread around 1550 nm can not be ignored. It is useful to define the dispersion slope as

_dD

S=—. 2.208

m ( )
Using Eq. (2.204), the dispersion slope for a standard SMF can be calculated as

s=20 i 2.209

ey A (2:209

If the dispersion parameter D,. and the dispersion slope S, at the carrier wavelength 4. are known, the disper-
sion parameter in the vicinity of the carrier wavelength can be obtained by the linear approximation [29]

D(A) =D, + S.(A — Ag). (2.210)

In Eq. (2.102), we have retained the Taylor expansion terms up to f,Q?/2. Under this approximation, f, or
D is constant over the spectral width of the signal. To include the impact of the dispersion slope, we need to
include a higher-order term in the Taylor expansion of Eq. (2.102),

BQ) = fy + Q2+ p,Q% /2 + p,Q° /6, (2.211)
where . ,
_as _dh
By = T3 - = U o (2.212)

Substituting Eq. (2.211) in Eq. (2.98), we obtain

F(t,2) = exp [—i (gt — Byz) | / B(QH(Q.z) exp (—iQ1) d, (2.213)

—o0

where the fiber transfer function is modified as
H(Q.7) = exp [—az + i, Qz + if,Q%2/2 + if,Q272/6). (2.214)
The field envelope at the output is given by Eq. (2.113) as before,

5,() = F7' [5,(Q)] = F~! [H{(Q, 2)5,(Q)]. (2.215)
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Figure 2.36 Impact of third-order dispersion on an ultra-short Gaussian pulse. FWHM = 1.56 ps, L = 4.7 km.

The dispersion slope, S and f; are related using Eqs. (2.208) and (2.202),

_dpy _ d(=Di*/2mc) di _ S< 2 >2 2D

= . 2.216
37 dw da dw 272c? ( )

2rc
Fig. 2.36(a) shows the field envelope at the output of a fiber in the presence of f; when f; = f, = 0. The effect
of 5 is to cause a pulse broadening asymmetrically. When g, # 0, pulses broaden symmetrically due to S,
as well as asymmetrically due to f; (Fig. 2.36(b)). If the sign of f; is changed, the pulse distortion occurs

at the other edge whereas if the sign of f, is changed, the amount of pulse broadening is not affected for an
unchirped pulse (Eq. (2.162)).

Example 2.10

For a fiber-optic system, the channel wavelengths are in the range of 1530—1560 nm. Design a single-mode
fiber such that the absolute accumulated dispersion should not exceed 1100 ps/nm over the wavelength range
of interest. Assume that the dispersion varies linearly with wavelength. Fiber length = 80 km.

Solution:
The dependence of dispersion on wavelength is given by

D) = (A= Ay)S. (2.217)

If we choose the zero-dispersion wavelength 4 in the center of the band, the maximum allowable dispersion
slope could be large. Therefore, we choose A4y = 1545 nm. Using Eq. (2.217), the absolute dispersion at the
right edge of the band is

ID(1560 nm)| = |S](1560 — 1545) ps/nm/km, (2.218)
o ID(1560 nm))|
S| = Tnm ps/nm?/km. (2.219)
Since
|[D(1560 nm)L| < 1100 ps/nm, (2.220)
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with L = 80 km and using Eqs. (2.219) and (2.220), we obtain

|S] < 0.917 ps/nm? /km. (2.221)

2.7.5 Polarization Mode Dispersion

Weakly guiding approximation implies that the electromagnetic field propagates almost in the z-direction
and, therefore, the electric and magnetic field components are nearly transverse (see Section 2.4). The scalar
field y of Section 2.4 could either represent the electric field intensity E, or E,. Therefore, a single-mode
fiber supports two independent propagation modes [30—32]. For one of the modes, the electric field com-
ponent is along the x-direction, the magnetic field component is along the y-direction, and the propagation
constant is f, (x-polarization). For the other mode, the electric field component is along the y-direction, the
magnetic field component is along the X-direction, and the propagation constant is f, (y-polarization). If the
fiber cross-section is perfectly circular, these two modes are degenerate, i.e., f, = ﬂ;. Howeyver, it is hard to
fabricate a fiber whose cross-section is perfectly circular. Because of the asymmetry introduced during the
fiber manufacturing process, and external factors such as bending or twisting, the propagation constants f,
and f, differ. The inverse group speeds f;, and f, corresponding to the x- and y-polarization components
are also different. As a result, the x- and y-polarization components of the input signal arrive at the fiber out-
put at different times, leading to pulse broadening if a direct detection receiver is used. This phenomenon is
known as polarization mode dispersion (PMD) [33—37]. Owing to random fluctuations in the fiber refractive
index along the fiber axis, there is an exchange of power between these polarization components that occurs
randomly along the fiber. Therefore, the pulse broadening due to PMD is stochastic in nature.
Using Eq. (2.110), the x- and y-components of the electric field intensity can be written as

Ex(-x7 YsZs t) = Sx(t7 Z)q)(x’ y) exXp [—l((,()t - ﬁxz)]s
E(x,y,z,1) = 5,(t, 2)P(x, y) exp [—i(wt — p,2)], (2.222)

where s, and s, are electrical field envelopes, f, and f, are propagation constants for the x- and y-polarization
components, respectively. The transverse field distributions are nearly the same for x- and y-polarization. As
in Section 2.5, input and output electrical field envelopes are related by

gx,out(g) = S‘x,in(Q)HX(Q, L),
5y.0ut(€) =5, ((VH,(Q, L), (2.223)
where
. ﬂQQZZ
H,(Q,L)=exp |—az/2+i| f,,Qz+ > , a=x,y. (2.224)
Egs. (2.223) and (2.224) can be written in matrix form using Jones’ vector notation (see Section 1.11):
< 5y out(€2) - 5 ()
Q= [l W= 2.225
@ = 1G] i@ =) (2229
Sou(Q) = H(Q, L)§; (), (2.226)
_|H(L) 0
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In the case of multi-mode fibers, modes propagate at different speeds and arrive at different times. Similarly,
in a single-mode fiber, x-(y-)polarization component propagates at the speed of 1/p;, (1/f,,) and, therefore,
the time delay AT between two polarization components at the output of the fiber of length L is

AT = LIy, — By, - (2.228)

The above equation is valid when there is no coupling between x- and y-polarization components. However, for
standard telecommunication fibers, there is a random coupling between these components due to perturbations
such as stress and micro-bending. The fiber vector transfer function given by Eq. (2.227) does not take into
account the random coupling between x- and y-polarization components. In general, the fiber vector transfer
function can be written as [38]

(2.229)

lﬂm(ﬂ,m H, (€, L)]
H(Q,L) = ’ .

H,(Q.1) H,(Q,1)

The transfer functions H,, (2, L) and H,, (€, L) represent the random coupling between x- and y-polarization
components. Because of the random nature of the coupling, it is hard to characterize these functions. Nev-
ertheless, these functions change over a time scale that is longer than the symbol period and, therefore, it is
possible to estimate H(€2, L) and compensate for it using digital signal processing (see Chapter 11) in coherent
communication systems.

2.7.6 Spot Size

The transverse extent of the field distribution of the fundamental mode plays an important role in determining
splice loss between fibers, bending loss, fiber dispersion, and the threshold power required to have significant
nonlinear effects (discussed in Chapter 10). The root mean square (r.m.s.) spot size or Petermann-1 spot size

is defined as [39-40]
lZ /0°° <D2(r)r3dr] 12
W =

P! fooo ®2(r)rdr (2230)
where ®(r) is the transverse field distribution of the fundamental mode, which is radially symmetric. When
a fiber mode has a large transverse extent the spot size is large, leading to enhancement of bending losses.
On the contrary, large spot size is desirable to reduce the effect of fiber nonlinearity on optical pulses and,
thereby, transmission performance can be improved. This is because, for the given launch power, the power
per unit cross-sectional area (= optical intensity) is larger when the spot size is smaller and the nonlinear
change in refractive index is directly proportional to the optical intensity. Typically, as the spot size increases,
the dispersion slope increases too. Therefore, the refractive index profile n(r) of a fiber should be optimized so
that (i) it has a single mode and has low loss at the desired wavelength range and (ii) the spot size is sufficiently
large for the transmission performance to not be impaired by nonlinear effects and, yet, be small enough so
that the dispersion slope and bending losses are not enhanced.

2.8 Dispersion-Compensating Fibers (DCFs)

For long-haul and/or high-bit-rate optical communication systems, the pulse broadening due to intramodal
dispersion leads to intersymbol interference, which degrades transmission performance. The pulse broadening
can be compensated using a DCF, as shown in Fig. 2.37. Using Eq. (2.107), the transfer functions of the
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’? /\ i TF DCF M

| | l ]

Figure 2.37 Fiber-optic system consisting of TF and DCFE. TF = transmission fiber, DCF = dispersion-compensating
fiber, TX = transmitter.

transmission fiber and DCF after ignoring f; and fiber loss can be written as

[ iQaf?p L™
Hrp(f) =exp | ————1
[ i(zﬂ.f)ZﬂDCFLDCF
Hpep(f) = exp + , (2.231)

where the superscripts TF and DCF stand for transmission fiber and dispersion-compensating fiber, respec-
tively. The total transfer function is

Ho(f) = Hyp(f)Hpcr(f). (2.232)

To keep the output pulse width equal to the input pulse width, we require

Hy,(f) =1, (2.233)

or
pyrLTY = — pPCFLPCE, (2.234)

When the loss is not ignored, the output of the DCF is attenuated by a factor exp [~arpLrr — apcpLlpcr]
without affecting the pulse broadening. When f, is included, the pulse is simply delayed by a factor ﬂlTFLTF +
ﬁ?CFLDCF. Typically, SSMFs or NZDSFs are used as transmission fibers, which have anomalous dispersion.
Therefore, the DCF should have normal dispersion. As mentioned before, the fiber dispersion coefficient can
be altered by changing the amount of waveguide dispersion. The material dispersion of glass at 1550 nm is
anomalous and the waveguide dispersion of the standard SMF is a small fraction of the total dispersion (at
1550 nm). If the sign of the waveguide dispersion is made opposite to that of the material dispersion by a
proper choice of refractive index profile, the total fiber dispersion becomes normal. This is the underlying
principle behind the design of a DCF. To design a DCEF, the refractive index profile of a fiber is divided into
several segments. Each segment is characterized by two or more parameters. For example, a segment could
have a parabolic index profile or it could have a triangular index profile. By optimizing the parameters of
these segments, the desired dispersion coefficient f, can be obtained. For WDM applications (see Chapter 9),
it is desirable to compensate dispersion over a wide band. With proper design, the dispersion slope of the
transmission fiber can also be compensated [41]. Such a fiber is called a dispersion-slope compensating fiber.

Example 2.11

A transmission fiber of length 80 km has a dispersion of —21 ps?/km. The transmission fiber is followed by a
DCF of dispersion 130 ps>/km. (a) Find the length of the DCF such that the pulse width at the input of the trans-
mission fiber is the same as that at the output of the DCFE. (b) Suppose the power launched into the transmission
fiber is 2 mW, losses of the transmission fiber and DCF are 0.2 dB/km and 0.5 dB/km, respectively. Calculate
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the power at the output of the DCF. Assume a splice loss of 0.5 dB between the transmission fiber and the
DCE. (c) Find the gain of the amplifier such that the signal power at the output of the amplifier is the same as
that at the input.

Solution:

(a) From Eq. (2.234), we have
ﬁZTFLTF - _ ;)CFLDCF’ (2235)
BF = —21ps*/km, L™ =80km, (2.236)
pYF =130 ps*/km, (2.237)

_ 2TFLTF
DCF _ _

L = 40CF = 12.9 km. (2.238)

2

(b) The launch power in dBm units is given by Eq. (2.124) as

P, (dBm) = 101log,, f m¥ = 3dBm. (2.239)

m

Loss budget:
loss in transmission fiber = 0.2 X 80dB = 16 dB,

loss in DCF =0.5 X 12.9dB = 6.45 dB,
splice loss = 0.5 dB,
total loss = 16 + 6.45 + 0.5dB = 22.95dB.
The power at the output of the DCF is
Py pcr = 3dBm —22.95dBm = —19.95 dBm. (2.240)

(c) To keep the signal power at the output of the amplifier the same as the input, the amplifier gain should be
equal to the total loss in the system, i.e.,

amplifier gain = 22.95 dBm. (2.241)

2.9 Additional Examples

Example 2.12

The numerical aperture of a multi-mode fiber is 0.2. Find the delay between the shortest and longest path. Fiber
length = 2 km and core index = 1.45. Assume that the difference between the core index and the cladding
index is small.

Solution:
The NA is given by Eq. (2.9) as
NA = n; V2A, (2.242)
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2
Ao A2
Zn%

NA =02,n, = 1.45.

(2.243)

From Eq. (2.243), we find
A = 0.0095.

When the difference between the core index and the cladding index is small, n; = n, and Eq. (2.17) can be
approximated as

AT ~= , (2.244)
n, = 1.45,L =2km, A = 0.0095,and ¢ = 3 x 108 m/s.
Substituting these values in Eq. (2.244), the delay between the shortest and longest paths is

AT = 91.95ns.

Example 2.13

The propagation constant at the wavelength A, = 1550 nm is 6 x 10° rad/m. Calculate the propagation con-
stant at 4, = 1551 nm. Assume #, = 0.5 X 1078 s/m and §, = —10 ps*/km. Ignore f,,n > 2.

Solution:
From Eq. (2.102), we find
B(w)) = By + Bi(@; — ) + o) — g)* /2. (2.245)
Using ¢ = fA, we have
2re

wy = 27tfy = N 1.2161 x 10" radss,

oy = 2xf, = 2Z€ = 12153 % 10" radss,
/ll

w; — @y = —8.168 x 10'! rads,
Bo = 6 x 10'® rad/m.

Substituting these values in Eq. (2.245), we find
B(w,) = 5.9959 x 10° rad/s.

Note that the change in propagation constant is very small.
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Example 2.14

Consider a fiber-optic system as shown in Fig. 2.38. Fiber loss = 0.2 dB/km, length = 80 km, loss in optical
filter = 0.5 dB, and amplifier gain = 15 dB. If the minimum power required at the receiver to have a good
signal-to-noise ratio is —3 dBm, calculate the lower limit on the transmitter power in dBm and mW units.

Solution:

Fiber loss, F;(dB)=—-0.2x 80 = —16dB.
Filter loss, F,(dB) =-0.5dB.
Amplifier gain, G(dB)=15dB.

The minimum power required at the receiver is

P, (dBm) = —3dBm,
P, (dBm) = P; ,(dBm) + F(dB) + F,(dB) + G(dB).

Therefore, the lower limit on the transmitter power is
P,,(dBm) =-3+16+4+0.5—-15dBm = —1.5dBm.
Using Eq. (2.125), the transmitter power in mW units is

P, = 101Pn@Bm — 0 7079 mW.

Fiber
o |-
F F> G

Figure 2.38 A fiber-optic system with loss and gain.

Example 2.15

The electric field envelope at the fiber input is
Sin(t) = A cos 2xf,,1). (2.246)
Show that the electric field envelope at the fiber output is
Soul(t) = A cos (2xf,,t) exp [iQ2xf,)*BrL/2] - (2.247)

Ignore fiber loss and f;.
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Solution:
Taking the Fourier transform of Eq. (2.246), we find

S5in(f) = Flsin(®] = %[5(1‘ =) +6(F + 1)1 (2.248)

where 6 is the Dirac delta function. From Eq. (2.107), we have the fiber transfer function (after ignoring f;
and loss)
H(f) = exp [if,(2xf)>L/2]. (2.249)

The output spectrum is

gout(f) = sm(f)H(f)

= % [6(f = £,) + 6(f +£,)] exp [if,2nf)*L/2] . (2.250)
Taking the inverse Fourier transform of Eq. (2.250), we obtain
5, (1) = % / oo[5(,‘ —f) +8(f +f,)]exp |—i2zft + i(27rf)2/327L df. (2.251)
Using the following relation:
/ : 5(F — L)X (Df = X(f,). (2.252)

Eq. (2.251) is simplified as

5,(t) = % [exp (—i2zf,,1) + exp (i2xf,,1)] exp [i2f,,)* f,L/2]
= A cos 2xf,, ) exp [i2xf, ) BoL/2]. (2.253)

Comparing Egs. (2.246) and (2.253), we find that if the field envelope is a sinusoid, it acquires only a
phase shift.

Example 2.16

Consider a fiber-optic system as shown in Fig. 2.39. A Gaussian pulse is launched into the transmission fiber.
Find the length of DCF so that the pulse width (FWHM) at the output of the DCF is twice the pulse width
at the input of the TF. Assume ﬂzT F = 21 ps?/km, ﬂ?CF = 130 ps*/km, L™ = 80 km. FWHM at the input of
TF = 12.5 ps. Ignore loss and f;.

=1,

TF DCF

Figure 2.39 Fiber-optic system consisting of TF and DCE. TF = transmission fiber, DCF = dispersion-compensating
fiber, Tx = transmitter, and Rx = receiver.
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Solution:
The effective transfer function is given by Eq. (2.232) as

2
H_ (f) = exp {i [( T ﬁ;)CFLDCF) @] }

= exp [if5"L" (2xf)* /2], (2.254)
where

ﬂ;ffLeff = ;FLTF + ﬁ?CFLDCF . (2255)

In Example 2.6, we found that when |§,L| = \/3 T2, the output pulse width is twice the input pulse width.
Replacing f,L by pTLT, we find
|BIFLTF + pPCFLPCF| = /372, (2.256)
piF = —21ps*/km, L™ =80km,
DCF = 130 ps?/km,  Tgywyy = 12.5ps,

Eq. (2.256) may be written as
—21 x 80 + 130L°F = +£4/3 x 7.507°.

Therefore, LP°F = 12.17 km or 13.67 km. As the pulse propagates in the DCF, the pulse undergoes compres-
sion. At LPF = 12.17 km, the pulse width is twice the initial pulse width. If ] L™ = —gDFLPCF the pulse
width becomes equal to the initial pulse width. This corresponds to a propagation distance of 12.92 km in the
DCF. After this, pulse broadening takes place and when LPCF = 13.67 km, the output pulse width is twice the
initial pulse width again.

Example 2.17

The zero dispersion wavelength of a transmission fiber (TF) is chosen as 1490 nm, so that the local dispersion
in the desired wavelength range 1530—1560 nm is not zero (so as to avoid the enhancement of nonlinear
effects). Find the accumulated dispersion of the DCF so that the net accumulated dispersion does not exceed
1100 ps/nm. Assume that the dispersion slopes of the TF and DCF are 0.08 ps/nm?/km and 0 ps/nm?/km,
respectively. Total transmission distance = 800 km. Other parameters are the same as in Example 2.10.

Solution:
In the absence of DCEF, the dispersion at 1560 nm is

D1p(1560 nm) = 0.08(1560 — 1490) ps/nm/km = 5.6 ps/nm/km. (2.257)
The accumulated dispersion at 1560 nm is

D1pLtg = 4480 ps/nm. (2.258)
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The net accumulated dispersion is
|DrpLrp + DpcpLper| < 1100 ps/nm. (2.259)

Therefore, the accumulated dispersion of the DCF should be

DpcpLpep < —3380 ps/nm. (2.260)
Example 2.18
Let the input field envelope be
£2 (1 +iC)
s;(t)=Aexp | -——— |, 2.261
i) p l 212 ] ( )

where C is the chirp parameter. Show that the field envelope at the fiber output is

- AT, oxp | _(LH+0) t2

s = — =,
0 T, P o7
where

T, = (12 + B,LC) — iByL] .

Plot the power and frequency deviation éw at different fiber lengths for f,C > 0 and f,C < 0. Ignore fiber
loss and f3;.

Solution:
Using Egs. (2.150) and (2.152), we find

5 A
5() = = exp[=n(f /a)*], (2.262)

where )
gt = L€ (2.263)

27[T§

The output field envelope is given by Eq. (2.155), with b* = a® /(1 — 2z p,La?) as,

AT, (1+4iC) ¢
s ()= —exp |————1, 2.264
(D) o p [ 2T12 ( )
where
Ty = [(Tg + B,LC) — if, L1/, (2.265)
As in Example 2.6, the output pulse width can be calculated as
) ,71/2
; Cp,L I
Tewam = Trwim (1 + —ﬁﬁ > + (%) : (2.266)
0 0
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The field envelope may be written as
s(t,z) = A(t, z) exp ig(t, 2)]. (2.267)

The instantaneous frequency deviation from the carrier frequency is given by Eq. (2.165) as

d¢p
dw(t,z) = ——. 2.268
(t,z2) o ( )
At the fiber input, we have 5
t-C
(t,0) = ———. 2.269)
¢ T (

So, the instantaneous frequency deviation from the carrier frequency is
sw(t,0)= &L (2.270)
T

Fig. 2.40 shows the output pulse width as a function of propagation distance L. As can be seen from
Eq. (2.266), the pulse broadening depends on the sign of f,C. When f,C > 0, the pulse width increases
with distance monotonically. When f,C < 0, the first term within the square bracket of Eq. (2.266) becomes
less than unity and, therefore, the output pulse width can be less than the input pulse width for certain
distances. Fig. 2.40 shows that the pulse undergoes compression initially for C = 4 and f#, < 0. The physical
explanation for pulse compression is as follows. When C > 0, from Eq. (2.270), we see that the leading edge
is down-shifted in frequency and the trailing edge is up-shifted at the fiber input. In an anomalous dispersion
fiber (f, < 0), low-frequency (red) components travel slower than high-frequency (blue) components and,
therefore, the frequency components at the leading edge travel slowly. In other words, they are delayed and
move to the right (later time) as shown by the arrow in Fig. 2.41(a), and the frequency components at the
leading edge move to the left (earlier time), leading to pulse compression as shown in Fig. 2.41(b). Since
the frequency chirp imposed on the pulse at the input is of opposite sign to the frequency chirp developed
via pulse propagation in an anomalous dispersion fiber, these two frequency chirps cancel at L = 12.5 km
and the pulse becomes unchirped (see the bottom of Fig. 2.41(b)). At this distance, the pulse width is the
shortest. Thereafter, pulse propagation is the same as discussed in Example 2.6, leading to pulse broadening.

60,

50F

40r

30r

Output pulse width (ps)

20r

Distance, L (km)

Figure 2.40 Output pulse width of a chirped Gaussian pulse. f, = =21 ps?/km.
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; Pulse compression

1
3
—
= 2.5
g
5 2
g 0.5
2 15
1 0.3
05 0.2
0.1
0 0 0
-200 " -100 =50 ~ 0 50 100 200 -200  -100 -50 0 50 100 200 200 100 =50 0 50 100 200
& g X10 Time (ps) L 10" Time (ps) S 10" Time (ps)
z 3 .
e 2 = 2 2 up-shift
3 -shi «—
S up-shift ] 1
£
S - ——— 0 0
>
2 -l -1 -1 =
2 | down-shift down-shift
O -2 -2
-
=
-3 -3 -3 +
-200 ~100 -50 0 50 100 200 -200 ~100 -50 0 50 100 200 -200 -100 -50 0 50 100 200
Time (ps) Time (ps) Time (ps)
(@) (b) ©
Figure 2.41 Power and frequency deviations of a chirped Gaussian pulse. #, = —21 ps?/km, C = +3.
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Figure 2.42 Power and frequency deviations of a chirped Gaussian pulse. , = —21 ps?/km, C = —3.
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If C <0, at the fiber input, the leading edge is up-shifted in frequency whereas the trailing edge is
down-shifted. The frequency components corresponding to the leading edge travel faster than those
corresponding to the trailing edge in an anomalous dispersion fiber. Therefore, as shown by the arrows in
Fig. 2.42(a), the leading edge moves to the left (earlier time) and the trailing edge moves to the right, which
leads to pulse broadening. The frequency chirp at the fiber input in this case has the same sign (as that due to
dispersion as given by Eq. (2.167)) and, therefore, these two chirps add up, leading to enhanced broadening
as seen in Fig. 2.40 (C = —4) compared with the case of an unchirped pulse.

Exercises

2.1

2.2

A step-index fiber has a cutoff wavelength = 900 nm, and NA = 0.22. (a) Calculate the core radius.
(b) What could be the maximum allowable core radius to make this fiber single-moded at 500 nm?

(Ans: (a) 3.44 pm; (b) 2.29 pm.)
Consider a small fiber section of length AL as shown in Fig. 2.43. Let F(AL) = P(AL)/P;,. Next,

consider a cascade of identical fiber sections as shown in Fig. 2.44. Let M be the total number of fiber
sections. When M — oo (or AL — 0), show that

P
Fo = P%“ =exp (—al), (2.271)

n

where a = —dF /d(AL).

Figure 2.43 An infinitesimal fiber section.

) )
(( \

JFi'n s Pﬂul
))
AL : «
L
Figure 2.44 A fiber of length L with M sections of length AL.
Hint: F,,, = [F(AL)]*/AL, expand F(AL) in a Taylor series with F(0) = 1 and use
e=Limy,_ (1 +1/MM. (2.272)
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2.3

24

2.5

2.6

2.7

2.8

29

2.10

2.11

A step-index multi-mode fiber has to be designed to support bit rates up to 10 Mb/s. The link length is
1.5 km. Calculate the upper limit on the relative index difference, A. Assume the core refractive index
is approximately equal to the cladding refractive index.

(Ans: A <£0.02.)

In a step-index multi-mode fiber, the critical angle for the core—cladding interface is 85°. The core
refractive index is 1.46 and the core diameter is 100 pm. Find (a) the V-number and (b) the approximate
number of guided modes M at the wavelength 1.3 pm.

(Ans: V = 25.79, M = 332.)

The maximum achievable bit rate—distance product in a step-index multi-mode fiber is 16 Mb/s-km.
The core refractive index n; (= cladding index n,) = 1.45. Calculate (a) the numerical aperture and (b)
the critical angle for the core—cladding interface.

(Ans: (a) 0.2795; (b) 1.3768 rad.)

A step-index multi-mode fiber has an acceptable angle of 0.2077 rad and the critical angle for the
core—cladding interface is 1.4266 rad. Calculate the speed of light in the fiber core. It may be assumed
that ray-optics theory is valid.

(Ans: 2.076 x 108 m/s.)

A single-mode fiber has to be designed to operate at 1.55 pm with a cutoff wavelength less than 1.5 pm.
The core and cladding refractive indices are 1.45 and 1.445, respectively. Calculate the maximum
allowable core radius.

(Ans: 4.77 pm.)

The power launched into a fiber is 5 mW and the power at the fiber output is 0.3 mW. Calculate the
fiber loss in dBm units.

(Ans: 12.22 dBm.)

A 40-km single-mode fiber has a dispersion parameter D = 10 ps/nm-km. An optical signal of band-

width 10 GHz is launched into the fiber. Find the delay between the highest- and lowest-frequency
components. The carrier wavelength = 1.55 pm.

(Ans: 32.033 ps.)

A single-mode fiber has a zero-dispersion wavelength at 1550nm. The dispersion slope =
0.06 ps/nm?/km. Find the absolute dispersion |D| at 1600 nm. Assume that the dispersion varies
linearly with wavelength.

(Ans: 3 ps/nm/km.)

A Gaussian pulse is transmitted in a long single-mode fiber with dispersion coefficient f, =
—10 ps?/km. The input and output pulse widths (FWHM) are 8 ps and 32 ps, respectively. Calculate
the fiber length.

(Ans: 8.9km.)
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2.12 The outputs of CW lasers of frequencies 193.5THz and 193.6 THz are transmitted over a fiber of
length 2 km. It is found that the lower-frequency optical wave arrived later than the higher-frequency
component by 6 ps. Calculate the dispersion coefficient f,.

(Ans: —4.77 ps*/km.)

2.13 A fiber-optic link consists of a TF followed by a DCF of length 5 km. The transmission fiber has a dis-
persion parameter D = 10 ps/nm/km, loss = 0.25 dB/km, and length = 50 km. (a) Find the dispersion
parameter of the DCF such that the pulse width (FWHM) at the output of the DCF is the same as the
pulse width at the input of the TF. (b) The power launched into the TF is 2mW and the power at the
output of the DCF is —12 dBm. Find the loss coefficient of the DCF in dB/km.

(Ans: (a) —100 ps/nm/km; (b) 0.5 dB/km.)
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3

Lasers

3.1 Introduction

LASER is an acronym for light amplification by stimulated emission of radiation. In 1917, Einstein postulated
that an atom in the excited level is stimulated to emit radiation that has the same frequency and phase as the
radiation [1]. This is known as stimulated emission, which remained a theoretical curiosity until Schewlow
and Townes in the USA [2], and Basov and Prokhorov in the USSR, proposed that stimulated emission can be
used in the construction of lasers. Townes, Gordon, and Zeiger built the first ammonia MASER (microwave
amplification by stimulated emission of radiation) at Columbia University in 1953. This device used stim-
ulated emission in a stream of energized ammonia molecules to produce amplification of microwaves at a
frequency of about 24 GHz. In 1960, Maiman demonstrated the ruby laser, which is considered to be the first
successful optical laser [3]. In 1962, the first semiconductor laser diode was demonstrated by a group led by
Hall [4]. The first diode lasers were homojunction lasers. The efficiency of light generation can be significantly
enhanced using double heterojunction lasers, as demonstrated in 1970 by Alferov and his collaborators [5].

Fiber-optic communications would not have progressed without lasers. Lasers have not only revolutionized
fiber-optic communications, but also found diverse applications in laser printers, barcode readers, optical data
recording, combustion ignition, laser surgery, industrial machining, CD players, and DVD technology.

In this chapter, we first discuss the basic concepts such as absorption, stimulated emission, and spontaneous
emission. Next, we analyze the conditions for laser oscillations. After reviewing the elementary semiconduc-
tor physics, the operating principles of the semiconductor laser are discussed.

3.2 Basic Concepts

Consider two levels of an atomic system as shown in Fig. 3.1. Let the energy of the ground state be E; and
that of the excited state be E,. Let N; and N, be the atomic densities in the ground state and excited state,
respectively. If radiation at an angular frequency

E, - E,

where i = h/(2x), h = Planck’s constant = 6.626 X 107347 - s, is incident on the atomic system, it can inter-
act in three distinct ways [1].

(a) An atom in the ground state of energy E; absorbs the incident radiation and goes to the excited state
of energy E,, as shown in Fig. 3.2. In other words, an electron in the atom jumps from an inner orbit to an

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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E, N,
E, - E;
S AVAS RE
h
E, Ny

Figure 3.1 Two-level atomic system interacting with electromagnetic radiation.

E, N, E, N,
S >
E, L N, E, N;

(a) (b)

Figure 3.2 Two-level atomic system absorbing a photon (a) Before absorption and (b) After absorption.

outer orbit. To make this transition, atoms require energy corresponding to the difference in energy levels and
this is provided by the incident electromagnetic radiation. The rate of absorption depends on the population
density in the level E; and also on the energy spectral density per unit volume of the radiation. Einstein
postulated that the number of atoms undergoing absorption per unit time per unit volume from level 1 to
level 2 is given by
dN,
Ry = —<—> = Bu(w)N,, (3.2)
dt abs

where u () is the electromagnetic energy spectral density per unit volume, B, is a constant, and R, is the
rate of absorption. The negative sign in Eq. (3.2) indicates that the population density in level 1 decreases
due to absorption. For example, consider an atomic system of volume 1 m?. If 10'> atoms make an upward
transition per second after absorbing the incident radiation in a volume of 1 m?, the absorption rate is
R, = 10" s™! m=3. This also means that 10! photons are absorbed per second per cubic meter.

(b) An atom which is in the excited state of energy E, is stimulated to emit radiation at frequency
o = (E, — E|)/h if the radiation at that frequency is already present. After emitting the radiation, it goes
to state of energy E,, as shown in Fig. 3.3. This process is called stimulated emission. Einstein postulated
that the rate of emission is proportional to the energy spectral density of radiation at frequency @ and the
population density at the excited state E,,

dN
Ryw=-(—2) =Byul@N,, (3.3)
dr stim
E, o N, E, N,
'P—\_hfaiLrV T
>
E, N, E; N,

(a) (b)

Figure 3.3 Two-level atomic system emitting a photon due to stimulated emission (a) Before stimulated emission and
(b) After stimulated emission.
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where R, is the stimulated emission rate that is equal to the number of atoms undergoing stimulated emission
per unit time per unit volume, and B, is a constant.

(c) An atom in the excited state of energy E, can also make a spontaneous emission and return to the ground
state whether or not the radiation at frequency @ is present, as illustrated in Fig. 3.4. This occurs randomly and
is called spontaneous emission. The rate of spontaneous emission is independent of the intensity of incident
radiation. Therefore,

dN.
Rs ont = — —= = A21N2’ (34)
P dt spont

where A, is a constant and Ry, is the spontaneous emission rate.

At thermal equilibrium between the atomic system and the radiation field, the number of upward transitions
must be equal to the number of downward transitions. If not, for example if downward transition occurs more
frequently than upward transition, this would result in an increase in radiation with time, which implies it is
not in equilibrium. At thermal equilibrium, we have

Ryp = Ryown> (3.5)
Rabs = Rstim + Rspont’ (3.6)
Blzus(a))Nl =BZ]“S(G))N2 +A2]N2, (3.7)
u,(w) = Aa ) (3.8)
(N\/N2)B; — By,
According to Boltzmann’s law, the ratio of populations of level 1 and level 2 at equilibrium is
N,
N exp (—AE/kgT), 3.9

1

where AE = E, — E, is the energy difference, kg = 1.38 x 1072* J/K is Boltzmann’s constant, and T is the
absolute temperature in Kelvin. Since the energy difference AE = hw, Eq. (3.9) can be written as

N, = N, exp (—hw/kgT). (3.10)

Eq. (3.9) is valid for any systems having different energy levels. For example, the number of air molecules
decreases as we go to higher altitudes. If N; and N, are the number of molecules near the ground and at
height &, respectively, at thermal equilibrium, their ratio is

N h
—2 = exp _AL = exp et , (3.11)
E, & N, E, N,
Y
E, N; E, N,

(a) (b)

Figure 3.4 Two-level atomic system emitting a photon due to spontaneous emission (a) before spontaneous emission
and (b) after spontaneous emission.
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Air
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E,=mgh T

h

l

E1:0—0—H—o—o—

Figure 3.5 Air molecules at ground and at height 4.

where AE = mgh is the energy required to lift a molecule of mass m to the height £, and g is the gravitational
constant (see Fig. 3.5).
Using Eq. (3.10) in Eqg. (3.8), we obtain

Ay /By,
(B12/By) exp (ho/kgT) — 1

u(w) = (3.12)

According to Planck’s law, the energy spectral density per unit volume at thermal equilibrium is given by

ha)3n3 1

723 exp (hw/kgT) — 1’

u(w) = (3.13)
where n, is the refractive index and c is the velocity of light in vacuum. Consider a hollow container heated to
a temperature 7" by a furnace, as shown in Fig. 3.6. Under thermal equilibrium, if you make a very small hole
and observe the spectrum of radiation, it would look like the curves shown in Fig. 3.7. For all these curves, the
energy of low-frequency and high-frequency components of the electromagnetic waves approaches zero and
the peak of the energy spectral density increases with temperature. A similar experiment was carried out by
Rubens and Kurlbaum [6], and Planck developed a theoretical description for the enclosed radiation [7]. From
his derivation it follows that the energy spectral density at thermal equilibrium is given by Eq. (3.13) and it is
shown in Fig. 3.7, which is in good agreement with the measured data of Rubens and Kurlbaum [6]. Planck
assumed that energy exchange between radiation and matter takes place as a discrete packet or quantum of

Hollow container

ji SpeCtrometer
Wurnacc

Figure 3.6 The radiation trapped in a hollow container under thermal equilibrium.
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Figure 3.7 The energy spectral density as a function of angular frequency under thermal equilibrium.

energy, which is proportional to frequency. Planck’s model and his assumptions to derive the radiation formula
were milestones in the development of quantum mechanics.

The interesting fact is that the energy spectral density at thermal equilibrium depends only on the absolute
temperature and not on the shape of the container or the material type. The radiation is continuously interacting
with the walls of the container but when thermal equilibrium is reached, the intensity of radiation does not
depend on the parameters characterizing the container, but only on the temperature.

Similarly, in the case of the atomic system of Fig. 3.1, radiation interacts with the atoms causing upward
and downward transitions. At thermal equilibrium, the energy spectral density should depend only on tem-
perature. Therefore, the energy spectral density per unit volume given by Egs. (3.12) and (3.13) should be
equal. Comparing Egs. (3.12) and (3.13), we find

B,=B, =B, (3.14)
tho3n(3)
eC

The coefficients A and B are called Einstein coefficients. At thermal equilibrium, the ratio of spontaneous
emission rate and stimulated emission rate is given by

R, A5 N.
spont _ 214V2 = exp <2> -1, (3.16)
R By Nyuy(w) @

stim c
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where
kgT
w,. = —

C h ‘
Typically for an optical source, @ > w,. Therefore, spontaneous emission dominates stimulated emission.
As an example, consider an optical source at temperature 7 = 300 K:

(3.17)

W = kel _ 138x107% x 300

_ 13
o= = o To =3.92 x 10" rad/s. (3.18)

For @ > 3.92 x 10'3 rad /s, radiation would mostly be due to spontaneous emission. If the operating wave-
length of the optical source is 700 nm, @ = 2.69 x 10 rad/s and

Rspont —ex <2.69 X 10"

m W) —1~6.34x%10%. (3.19)

stim

The above equation indicates that, on average, one out of 6.34 X 10%° emissions is a stimulated emission.
Thus, at optical frequencies, the emission is mostly due to spontaneous emission and hence the light from the
usual light sources is not coherent. From Eqgs. (3.2) and (3.3), we see that

Rstim _ &

- ) (3.20)
Rabs Nl

Therefore, the stimulated emission rate exceeds the absorption rate only when N, > N;. This condition is
called population inversion. For systems in thermal equilibrium, from Eq. (3.10), we find that N, is always
less than N, and population inversion can never be achieved. Therefore, all lasers should operate away from
thermal equilibrium. To achieve population inversion, atoms should be pumped to the excited state by means
of an external energy source known as a pump. A flash pump could act as an optical pump and atoms are
excited into higher-energy states through absorption of the pump energy. Alternatively, an electrical pump
can be used to achieve population inversion as discussed in Section 3.8.

The photons generated by stimulated emission have the same frequency, phase, direction, and polariza-
tion as the incident light. In contrast, the spontaneous emission occurs randomly in all directions and both
polarizations, and often acts as noise. In lasers, we like to maximize the stimulated emission by achieving
population inversion.

The Einstein coefficient A is related to the spontaneous emission lifetime associated with state 2 to state 1
transition. Let us consider a system in which stimulated emission is negligible and atoms in the excited state
spontaneously emit photons and return to the ground state. Considering only spontaneous emission, the decay
rate of the excited level is given by Eq. (3.4),

7 = —A21N2. (321)
The solution of Eq. (3.21) is
N, (1) = N, (0) exp (=t/1,), (3.22)
where |
ty, = —. (3.23)
P Ay
At =1y, Ny(1) = N,(0)e~!. Thus, the population density of level 2 reduces by e over a time t,, which is

known as the spontaneous lifetime associated with 2 — 1 transition.
So far we have assumed that the energy levels are sharp, but in reality these levels consist of several
sublevels or bands. The spectrum of the electromagnetic waves due to spontaneous or stimulated emission
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from collection of atoms is not perfectly monochromatic; this is because the emission can take place due to
transition from any of the sublevels. The interaction of electromagnetic waves over a range of frequencies
with the two-band system is described by a lineshape function /(). Out of N, (or N;) atoms per unit volume,
N,l(w)dw (or N,l(w)dw) atoms interact with electromagnetic waves in the frequency interval [w, @ + dw].
The lineshape function is normalized such that

/Nzl(w)dw =N,. (3.24)
In other words, N, represents the total number of atoms per unit volume in band 2 and N,/(w)dw represents

the fraction of atoms per unit volume that could interact with radiation ranging from @ to w + dw. Therefore,
the total stimulation rate per unit volume is

Rstim=/BuS(w)l(a))N2dw. (3.25)

Similarly, the absorption rate per unit volume is modified as

Ry = /Bus(co)l(a))Nlda). (3.26)

Let us consider a special case in which the radiation is a monochromatic wave of frequency w,. The energy
spectral density per unit volume of a monochromatic wave is an impulse function given by

u(w) = ud(w — wy)/ ). (3.27)

Since the energy spectral density is energy per unit frequency interval, its integration over frequency is energy.
Therefore,

/ u(w)dw = u/ 6(w — wy)dw/(2x) = u. (3.28)

Here, u is energy per unit volume or energy density. Substituting Eq. (3.27) in Egs. (3.25) and (3.26), we find
Rgim = Bul(w()N,, (3.29)

Rabs = Bul(wO)Nl . (330)

By letting Bl(w,) — B, Egs. (3.29) and (3.30) are the same as Eqgs. (3.3) and (3.2), respectively, with the
exception that u, is replaced by energy density u.

Example 3.1

In an atomic sytem, the spontaneous lifetime associated with 2 — 1 transition is 2 ns and the energy difference
between the levels is 2.4 x 107!° J. Calculate the Einstein A and B coefficients. Assume that the velocity of
light in the medium is 1.25 x 108 m/s.

Solution:
From Eq. (3.23), we have

Ay = 1 = 5% 108",
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The energy difference AE is
AFE = ho,

w=AE/h =228 x 10" rad/s.

From Eq. (3.15), we have
_ An*?
hw?

)

where v = ¢/n, is the velocity of light in the medium. With v = 1.25 x 108 m/s, we obtain
5108 x2? x (1.25 X 108)3
1.054 x 10734 x (2.28 x 1015)3
=7.71x10*' m*/1 - §2.

Example 3.2

The energy levels of an atomic system are separated by 1.26 x 10~!° J. The population density in the ground
state is 1012 cm—3. Calculate (a) the wavelength of light emitted, (b) the ratio of spontaneous emission rate to
stimulated emission rate, (c) the ratio of stimulated emission rate to absorption rate, and (d) the population
density of the excited level. Assume that the system is in thermal equilibrium at 300 K.

Solution:
(a) The energy difference

AE = ho = h2xf
= hf,
where h = 727 = 6.626 X 10734 ] - s and

-19
f=tE o 120X g gy,

h  6.626x 10-34
The wavelength of the light emitted is given by

¢ 3x108
=& SR g me
7T 191 x 102 -

(b) The ratio of spontaneous emission to stimulated emission rate is given by Eq. (3.16),
R

spont
Rp — ehw/kBT —1= eAE/kBT =1

stim
ky =1.38 x 1072 J /K,
T = 300K,
Rspont 1.26 x 10_19
= (201 - 1
R 1.38 x 1023 x 300

=1.88 x 10"3.

stim
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(c) From Eq. (3.20), we have
Rstim — &
Rabs Nl
According to Boltzmann’s law,
N2 = Nle_hw/kBT,

stim _ e_hw/kBT = exp —1.26 X ]()—19
R 1.38 x 10=23 x 300

=529 x 10714,

=

abs

(d) The population density of the excited level is
N2 = Nle—h(u/kBT

=5.29x 10° cm™3.

3.3 Conditions for Laser Oscillations

Consider a lossless gain medium as shown in Fig. 3.8, in which the incident light wave is amplified by stim-
ulated emission. The optical intensity at z can be phenomenologically described as

I(z) = I(0) exp (g2), (3.31)

where g is the gain coefficient associated with stimulated emission. For the atomic system with two levels, an
expression for g can be obtained in terms of the population densities NV, N, and the Einstein coefficient B (see
Section 3.6 for details). By differentiating Z(z) with respect to z, Eq. (3.31) can be rewritten in differential
form as
L —e10exp (0
z

=gI. (3.32)

The optical field is attenuated in the gain medium due to scattering and other possible loss mechanisms
similar to attenuation in optical fibers. The effect of loss is modeled as

1(z) = T(0) exp (—&;2)s (3.33)
1(0) I(L) = T(0)exp(gL)
—> Gain medium —

«——L—>

Figure 3.8 Light amplification in a gain medium.
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where a;,, is the coefficient of internal loss due to scattering and other loss mechanisms in the gain medium.
The gain and attenuation occur simultaneously in the gain medium. So, we have

1(z) = 1(0) exp (gpei2)s (3.34)

where g, = g — a;,, 1S the coefficient of the net gain.

A laser is an oscillator operating at optical frequencies. Just like an electronic oscillator, the optical oscillator
(laser) has three main components: (i) amplifier, (ii) feedback, and (iii) power supply, as shown in Fig. 3.9.
The atomic system we have discussed before can act as a gain medium and the light is amplified by stimulated
emission. The feedback is provided by placing the gain medium between two mirrors, as shown in Fig. 3.10.
The optical or electrical pumps required to achieve population inversion are the power supply.

Consider the optical wave propagating in the Fabry—Perot (FP) cavity shown in Fig. 3.10. Let Z(0) be the
optical intensity at A. After passing through the gain medium, the intensity is Z(0) exp (g,.L), where L is the
length of the cavity. The light wave is reflected by the mirror at B, whose reflectivity is R,. This means that
the reflected intensity at B is R, 7(0) exp (g,L)- The reflected field passes through the gain medium again and
is reflected by the mirror at A with reflectivity R,. The optical intensity after a round trip is (see Fig. 3.11)

TI(O)R R, exp [2(g — a;,)L]. (3.35)

The condition for laser oscillation is that the optical intensity after one round trip should be the same as the
incident intensity 7(0). Otherwise, after several round trips, the optical intensity in the cavity would be too

- Feedback -

P Amplifier P

Power Supply

Figure 3.9 The structure of an optical oscillator (laser) or electronic oscillator.

R,

Gain medium

&&%

~
Il
[«
~
Il
h

Figure 3.10 The Fabry—Perot cavity formed by mirrors.
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explg —am)l] b Ry || expll@—andl] || R || expl@—adl]l || Ry | ...

one round trip >

Figure 3.11 Illustration of multiple reflections in a FP cavity.

low or too high. For a stable laser operation, we need

T(O)R, R, exp [2(g — i )L] = 1(0). (3.36)
Simplifying Eq. (3.36), we find
1 1
=a —1 . 3.37
g all’lt+2L n<R1R2> ( )
In Eq. (3.37), the second term represents the loss due to mirrors,
1 1
=1 . 3.38

Using Eq. (3.38) in Eq. (3.37), we find
8 = Qi + Uiy = Qyys (339)

where a,, is the total cavity loss coefficient. Therefore, to have a stable laser operation, one of the essential
conditions is that the total cavity loss should be equal to the gain. Suppose you are on a swing. Because of
the frictional loss, the oscillations will be dampened and it will stop swinging unless you pump yourself or
someone pushes you. To have sustained oscillations, the frictional loss should be balanced by the gain due to
“pumping.” In the case of a laser, the gain is provided by optical/electrical pumps. A monochromatic wave
propagating in the cavity is described by a plane wave,

v =y exp [—i(wf — kz)]. (3.40)

The phase change due to propagation from A to B is kL. And the phase change due to a round trip is 2kL.
The second condition for laser oscillation is that the phase change due to a round trip should be an integral

multiple of 2z,

2kL = ‘;ﬂL=2m7r, m=0,+1,+2, ... (3.41)

0

Otherwise, the optical field y at A would be different after each round trip. Here, 4 is the wavelength in free
space and n is the refractive index of the medium. If the condition given by Eq. (3.41) is not satisfied, the
superposition of the field components after N round trips,

N
wy = o exp (—iwr) Y exp (i2knL), (3.42)
n=0
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approaches zero as N — oo. This is because sometimes the field component after a round trip may be positive
and sometimes it may be negative, and the net sum goes to zero if m is not an integer. When m is an integer,
the optical fields after each round trip add up coherently.

From Eq. (3.41), we see that only a discrete set of frequencies or wavelengths are supported by the cavity.

They are given by 5
nL

Ip= "2 m=12, (3.43)
or me
= e 44
=57 (3.44)

These frequencies correspond to the longitudinal modes of the cavity, and can be changed by varying the
cavity length L. The laser frequency f must match one of the frequencies of the set f,,,m = 1,2, ... The
spacing Af between longitudinal modes is constant,

c

Af =fp—Jfno1 = L (3.45)
The longitudinal spacing Af is known as the free spectral range (FSR). In a two-level atomic system, the
gain would occur only for the frequency w = (E, — E|)/h. However, in practical systems, these levels are
not sharp; each level is a broad collection of sublevels and, therefore, the gain would occur over a range of
frequencies. Fig. 3.12 shows the loss and gain profiles of a FP laser. Many longitudinal modes of the FP
cavity experience gain simultaneously. The mode for which the gain is equal to the loss (shown as the lasing
mode) becomes the dominant mode. In theory, other modes should not reach the threshold since their gain
is less than the loss of the cavity. In practice, the difference in gain between many modes of the cavity is
extremely small, and one or two neighboring modes on each side of the main mode (lasing mode) carry a sig-
nificant fraction of power. Such a laser is called a multi-longitudinal-mode laser. Fig. 3.13 shows the output
of a multi-longitudinal-mode laser. If a multi-longitudinal-mode laser is used in fiber-optic communication
systems, each mode of the laser propagates at a slightly different group velocity in the fiber because of dis-
persion, which leads to intersymbol interference at the receiver. Therefore, for high-bit-rate applications, it
is desirable to have a single-longitudinal-mode (SLM) laser. A distributed Bragg grating is used to obtain a
single longitudinal mode, as discussed in Section 3.8.5.

Cavity loss

Gainlcoefficient

Longitudinal Lasing mode

modes

_>| <« Frequench, f
c/2nL

Figure 3.12 Loss and gain profiles of a Fabry—Perot laser.
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Longitudinal modes\‘/)ﬂ ﬁ

—>» ¢/2nL |« Frequency, f

Figure 3.13 The output spectrum of a Fabry—Perot laser.

Eq. (3.31) provides the evolution of the optical intensity as a function of the propagation distance. Some-
times, it is desirable to find the evolution of the optical intensity as a function of time. To obtain the time
rate of change of the optical intensity, we first develop an expression relating optical intensity 7 and energy
density u. The optical intensity is power P per area S, which is perpendicular to the direction of propagation,

P
I=-. 3.46
S (3.46)
The power is energy AE per unit time,
AE
p="==, 3.47
Ar (3.47)
where At is a suitably chosen time interval. Combining Eqgs. (3.46) and (3.47), we find
1= AE (3.48)
SAt

Fig. 3.14 shows the optical intensity at z and z + Az. The number of photons crossing the area S at z + Az
over a time interval At is the same as the number of photons present in the volume SAz if

Az = vAt, (3.49)

where v is the speed of light in the medium. For example, if Az is chosen as 1ns, Az is 0.2m assuming
v=2x108 m/s. Using Eq. (3.49) in Eq. (3.47), Eq. (3.46) becomes

I_AEU_

=88, (3.50)

where u is the energy density or energy per unit volume. Since / « u, Eq. (3.32) can be written as

du
— = gu. 3.51
g - su (3.51)
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Area S

1(z)
— I(z + Az)

2z J 7+ Az
Atomic system

Figure 3.14 Optical intensity incident on the atomic system of volume SAz.

Eq. (3.51) provides the rate of change of energy density as a function of the propagation distance in the gain
medium. This can be converted to the time rate of change of energy density by using dz = vdt,

du
— = gu, 3.52
odr = 8" (3.52)
du
= =Gu, 3.53
I u (3.53)
where
G = vg. (3.54)

If we include the cavity loss, Eq. (3.53) should be modified as

du

o = (G — vag,,)u. (3.55)
Note that the cavity loss has a contribution from internal loss and mirror loss. The mirror loss is lumped,
whereas the internal loss is distributed. Therefore, Eq. (3.55) becomes inaccurate for time intervals less than

the transit time 2L/ v.

Example 3.3

A Fabry—Perot laser has the following parameters: internal loss coefficient 50 dB/cm, R; = R, = 0.3, and
distance between mirrors = 500 pm. Calculate the longitudinal mode spacing and the minimum gain required
for laser oscillation. Assume that the refractive index n = 3.5.

Solution:
The longitudinal mode spacing Af is given by Eq. (3.45),

c 3x 108

2L 2% 3.5 x 500 x 105 g

Af

The minimum gain required is
8 = Qine T Xy
Apyip = €L In !
2L R(R,
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The internal loss is given in dB/cm. To convert this into cm™!

length of 1 cm is 50 dB,

P, = P;,exp (—a;,;. 1 cm).

P
101og;, ;‘“ = —50dB,

m

10 log ge 1M = —q. % 1cm X 10 log;ge = —50dB,

_ 50 _ _
@ (em™') = 13420 ™ '=11.51cm™.
The distance between mirrors, L = 0.05 cm:
Rl - R2 - 0.3,
1 1
=l _ _t
i (€M) = 50,05 1 032
=24.07cm™},
and
8 = &in¢ + Omir
=(11.51+24.07) cm™!
=35.58 cm™!.
Example 3.4

, consider a length of 1 cm. The loss over a

In a gain medium, under steady-state conditions, the mean power is 20 mW. The area perpendicular to the
direction of light propagation is 100 pm?. The refraction index of the gain medium is 3.2. Calculate the energy

density.

Solution:

The optical intensity 7 is power per unit area perpendicular to the direction of light propagation,

-3
_P_ 20x107° _ 5o 108 wim?.
A7 100x10-12

The relation between optical intensity and energy density is given by Eq. (3.50),

I =uv
_uc

n

The energy density is

3
U= ”_I - M =2.13 J/m3.
c 3x 108
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3.4 Laser Examples
3.4.1 Ruby Laser

The ruby laser was the first laser to be operated and it was demonstrated by Maiman [3] at the Hughes
Research Laboratory in early 1960. The ruby laser is a three-level laser system, as shown in Fig. 3.15. The
three-level system consists of a ground level with energy E;, a metastable level with energy E,, and a third
level with energy E5. Under thermal equilibrium, the number of chromium ions of the ruby crystal in level 2
is less than that in level 1 and, therefore, laser action can not be achieved. The chromium ions absorb the light
of a flash lamp and make transitions to the level with energy E5. The upper pumping level (E3) is actually a
broad collection of levels and, therefore, an optical source such as a flash lamp with wide spectrum can be
used as the optical pump. The chromium ions drop down to a level with energy E, by rapid non-radiative
transition. The chromium ions spend an unusually long time at the metastable state E,. As a result, the
population density of level 2 becomes more than that of the ground state, and the population inversion is
achieved. The chromium ions make transitions from level 2 to level 1 by emitting photons of wavelength
694 nm corresponding to red light.

3.4.2 Semiconductor Lasers

The energy levels of electrons and holes are similar to the two-level atomic system we have discussed before. If
an electron is recombined with a hole, the energy difference between them is released as radiation. To achieve
population inversion, we need to have more electrons in the conduction band than in the valence band. This
is done by means of an electrical pumping scheme. We will discuss these issues in detail in Section 3.8.

3.5 Wave-Particle Duality

‘We know that light acts as a wave in free space, and propagation is governed by the wave equation. However,
when light interacts with matter, it may act like a particle. This is known as wave—particle duality. Although
Maxwell’s equations explain the effects such as interference and diffraction resulting from the wave nature of
light, they fail to explain the effects associated with light—matter interaction such as the photoelectric effect.
Light can be imagined to consist of particles known as photons of energy

E = ho, (3.56)

E5
Optical o4
pumping
by flash Non-radiative
lamp transition

E, A J

Strong red fluorescence
L—"  694nm
E, \ 4

Figure 3.15 Ruby laser—a three-level laser system.
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where w is the angular frequency. In the wave picture, the optical field of a plane wave can be written as

w = Aexp [~i(wt — kx — ky — k.2)]. (3.57)

It has four degrees of freedom, w, k,, k,, and k.. If we imagine light as a particle, it has four degrees of freedom
too. They are energy E and momenta p,, p,, and p_ in the x-, y- and z-directions, respectively. Energy (particle
picture) and frequency (wave picture) are related by Eq. (3.56). Similarly, the wave vector components are
related to the momenta by

py =hk,, p,=hk, p. =hk, (3.58)
or
p =7k, (3.59)
where
P =pX+py+p.z, (3.60)
k=kx+ky+kz (3.61)

From Eq. (3.59), we see that the photon carries a momentum in the direction of propagation. The magnitude
of the momentum is
p = |p| = hlk| = hk. (3.62)

p=h\K+ &+ K. (3.63)

Light is a wave in free space, but it sometimes acts like a particle when it interacts with matter. In the early
1920s, De Broglie proposed that every particle (atom, electron, photon, etc.) has a wave nature associated
with it. If a particle has energy E and momentum p, the angular frequency associated with its wave part is
E/h and the wave vector is k = p/7 or the wavenumber is

Ifk = kx +ky +k.z,

_Z_p (3.64)

k s
A h

or _2zn

p

This wavelength is called the De Broglie wavelength. The wave nature of particles has been confirmed by
several experiments. The first electron-diffraction experiment was done by Davisson and Germer in 1927 [8].
In this experiment, the incident beam was obtained by the acceleration of electrons in an electrical potential
and diffraction of the electron beam by a single crystal is studied. This experiment showed that electrons
behave as waves, exhibiting the features of diffraction and interference. From the electron interference pattern,
it is possible to deduce the experimental value of the electron wavelength which is in good agreement with
De Broglie’s formula, Eq. (3.65). However, it turns out that these are not real waves, but probabilistic waves.
If electrons were matter waves, we would expect that the intensity of the interference pattern should reduce
as the intensity of the incident beam decreases, but the interference pattern should not become discontinuous;
electron diffraction experiments contradict the above property of a matter wave. If the intensity of the incident
electron beam in these experiments is reduced to a very low value, we would observe a single impact either on
the central spot or on one of the diffraction rings, which shows the particle nature of electrons. The simplest
interpretation we could give of wave—particle duality is a statistical interpretation: the intensity of the wave
at each point on the diffraction pattern gives the probability of occurence of an impact at that point [9].

A (3.65)
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The energy and momentum of a free non-relativistic particle are related by

2 2.2 2 2
Ezp_zﬂzh_<2_”>’ (3.66)
Zmo 2m0 2m0 j.

where my, is the mass of a particle. Thus, an electron with high energy has a large momentum or in other words,
has a short wavelength (see Eq. (3.65)). Typically, the highest achievable resolution of an optical microscope is
of the order of the wavelength of the light used (~0.4 — 2 pm) and, therefore, it is hard to study the structure
of a nanoparticle using optical microscopes. If we increase the energy of an electron, the corresponding
De Broglie wavelength can be made quite small. This property is the principle behind electron microscopy.

The energy can be measured in several units, such as Joules (J) and electron volts (eV). Voltage is defined
as the potential energy E per unit charge,

V=— (3.67)
q

The energy required to carry an electron of charge 1.602 x 107! C over a potential barrier of 1V is 1eV.
With g = 1.602 X 10~'° C and V = 1 volt, from Eq. (3.67) we have

E=qV
=1.602%x 1079 % 1]
=1leV. (3.68)

Note that the electron volt is not a unit of voltage, but of energy.

Example 3.5

The energy difference between the two states of an ammonia maser is 107 eV. Calculate the frequency of
the electromagnetic wave emitted by stimulated emission.

Solution:
E=10"%eV=10"*x1.602x 107177,
E _ 107*x1.602x 10~

__E _ — 24GHz.
S = 2ah = 2 x 1054 % 10 “

3.6 Laser Rate Equations

In this section, we consider the gain rate and loss rate of photons and population densities in states 1 and 2 due
to stimulated emission, spontaneous emission, and various loss mechanisms. This is similar to the population
growth rate of a country. The population of a country increases due to new births and immigration, while it
decreases due to death and migration to other countries. Suppose N(¢) is the population at 7, the net rate of
population growth may be modeled as

dN

E = Rborn + Rimmigration + Rdeath + Rmigration' (3.69)

To model lasers, we follow a similar approach. Let us consider the atomic system with two levels. The popula-
tion density of the excited state decreases due to stimulated emission, spontaneous emission, and non-radiative
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transition, while it increases due to absorption and external pumping. The net growth rate of the population
density of state 2 is

dN.

th = Rpump + Rabs + Rslim + Rspont + Rnr' (370)
Here, R pq, Ryim» and Ry, are given by Egs. (3.2), (3.3), and (3.4), respectively. R, refers to the pumping
rate, which is the rate at which the population density of state 2 grows due to an external pump. A specific
pumping scheme is discussed in Section 3.8.

An atom in state 2 could drop down to state 1 by releasing the energy difference as translational, vibra-
tional, or rotational energies of the atom or nearby atoms/molecules. This is known as non-radiative transition,
since no photon is emitted as the atom makes transition from state 2 to state 1 and R, represents the rate of
non-radiative transition from state 2 to state 1. It is given by

R, = CN,, (3.71)

where C is a constant similar to the Einstein coefficient A.
Using Eqgs. (3.2), (3.3), (3.4), and (3.71) in Eq. (3.70), we find

dN,

— = Roump + Buly = Bul, = (4 + )N, (3.72)

The population density of the ground state increases due to stimulated emission, spontaneous emission, and
non-radiative transition, while it decreases due to absorption. The rate of change of the population density of
the ground state is

7 = Rstim + Rspom + Rnr + Rabs
= BuN, + (A + C)N, — BuN,. (3.73)

Next, let us consider the growth rate of photons. Let N, be the photon density. When an atom makes a
transition from the excited state to the ground state due to stimulated emission, it emits a photon. If there are
R transitions per unit time per unit volume, the growth rate of photon density is also Rg;,,. The photon
density in a laser cavity increases due to stimulated emission and spontaneous emission, while it decreases
due to absorption and loss in the cavity. The growth rate of photon density is given by

dN,,
dt

Here, R, refers to the loss rate of photons due to internal loss and mirror loss in the cavity. Since the energy
of a photon is iw, the mean number of photons present in the electromagnetic radiation of energy E is

_FE
nph_%'

The photon density N,, is the mean number of photons per unit volume and the energy density u is the energy
per unit volume. Therefore, they are related by

= Rstim + Rspont + Rabs + Rloss' (374)

(3.75)

yp E u
N, =2 = 3.76
N A (3.70)
In Section 3.3, we developed an expression for the time rate of change of the energy density u in the presence
of stimulated emission and loss as d
u

= = (G~ vag . (3.77)
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Since u « N,,,, the time rate of change of photon density is

dN N,
ph ph
B - 3.78
dt ph T (3.78)
where |
= 3.79
Th = Ta (3.79)

cav

is the photon lifetime. In the absence of gain (G = 0), Eq. (3.78) can be solved to yield
N,u() = Ny, (0) exp (—I/Tph). (3.80)

Att= Lohs Nph(t) = Nph(O)e‘l. Thus, the photon density reduces by e over a time Lo In Eq. (3.78), G repre-
sents the net gain coefficient due to stimulated emission and absorption and, therefore, the first term on the
right-hand side of Eq. (3.78) can be identified as

Rgiim + Ryps = GNpy, (3.81)
or
BuN, — BuN, = GN,,,. (3.82)
Since u = N,,,hw, from Eq. (3.82) we find

In Eq. (3.78), the second term represents the loss, rate due to scattering, mirror loss, and other possible loss

mechanisms,
Np
Rygss = ——. (3.84)

T[)h

Eq. (3.78) does not include the photon gain rate due to spontaneous emission. Using Eqgs. (3.81), (3.84), and
(3.4) in Eq. (3.74), we find

dN N,
ph ph
—— =GN, + AN, — —. (3.85)
dt ph 2 Ty

Note that when N, > N, population inversion is achieved, G > 0 (see Eq. (3.83)) and amplification of photons

takes place. In other words, the energy of the atomic system is transferred to the electromagnetic wave. When

N, < Ny, the electromagnetic wave is attenuated and the energy of the wave is transferred to the atomic system.
Using Eq. (3.82), Egs. (3.72) and (3.73) can be rewritten as

@ =R -GN, — & (3.86)
dt pump ph 7
dﬂ =GN, + & (3.87)
dt Pt
where 1
™= s (3.88)

is the lifetime associated with spontaneous emission and non-radiative decay from the excited state to the
ground state. Egs. (3.86) and (3.87) can be simplified further under the assumption that the population density
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of the ground state is negligibly small compared with the population density of the excited state [10, 11].
Assuming N; = 0, Egs. (3.86) and (3.85) become

dN, N,

Dok N, -2 (3.89)
dt pump ph -
dN N
ph ph
—2 =GN, + AN, - 2=, (3.90)
dt ph 2 Ton
where
G = BN, ho. 3.91)

The equations describing the population densities of electrons and photons in a semiconductor laser are
similar to Egs. (3.89) and (3.90). In Section 3.8, we will solve Egs. (3.89) and (3.90) for a specific pump-
ing scheme.

3.7 Review of Semiconductor Physics

In conductors, such as metals, electrons move around freely in the lattice and are available for conduction.
These electrons can be drifted by applying an electric field across its terminals. In contrast, the insulators
hardly have free electrons in the lattice and, therefore, they do not conduct. Semiconductor materials have
conduction properties that are typically intermediate between that of a metal and an insulator. For example,
silicon has four electrons in its outermost shell, by which it makes covalent bonds with its neighboring atoms,
as shown in Fig. 3.16. These electrons are somewhat loosely bound. An electron can gain energy by external
means, such as thermal energy, to break the covalent bond and, thereby, contribute to the conduction band.

/ \/ \

? si f “si f s 1

v g U -
/

~e_9o— /\.'—‘./ ~eo_o—

N
~o_0

Figure 3.16 Covalent band structure of silicon.
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Loosely speaking, if an electron is confined to the outermost shell of the atom, it is said to be in the valence
band and if it is moving freely in the lattice, it is said to be in the conduction band. Strictly speaking, atoms of
solid-state materials have such a strong interaction that they cannot be treated as individual entities. Valence
electrons are not attached to individual atoms, instead, they belong to the system of atoms as a whole.

The conduction band and valence band are separated by an energy gap, or band gap E,, as shown in Fig. 3.17.
For Si, the band gap is 1.1 eV. At low temperature, the chance that an electron occupies the conduction band
is approximately proportional to exp (—E,/kgT). Materials with a filled valence band and a large band gap
(>3 eV) are insulators. Those for which the gap is small or non-existent are conductors. Semiconductors have
band gaps that lie roughly in the range of 0.1 to 3 eV.

At very low temperature, the conduction band is nearly empty and, therefore, the valence band is nearly full,
as shown in Fig. 3.18. As the temperature increases, electrons in the valence band gain energy to cross the
band gap and get into the conduction band. This leads to a concentration of free electrons in the conduction
band, which leaves behind equal numbers of vacancies or holes in the valence band. A hole refers to the
absence of an electron and it acts as if it is a positive charge. Consider a semiconductor material connected to
the terminals of a battery, as shown in Fig. 3.19. The electron in the leftmost region is attracted to the positive
terminal of the battery and it leaves behind a hole (Fig. 3.19(a)). An electron from the neighboring atom jumps
to fill the hole, thereby creating a hole as shown in Fig. 3.19(b). This process continues, and holes move to
the right constituting a hole current. In addition, electrons moving freely in the lattice are also attracted to the
positive terminal constituting the electron current. Free electrons can move far more easily around the lattice
than holes. This is because the free electrons have already broken the covalent bond, whereas for a hole to
travel through the structure, an electron must have sufficient energy to break the covalent bond each time a
hole jumps to a new position.

When an electron comes out of the outermost shell of an atom after picking up thermal energy, it does not
really become a free particle. This is because the electron is in periodic Coulomb potential due to atoms in
the lattice, as shown in Fig. 3.20. Consider an electron in the vicinity of atom 1. There is a chance that it will

Conduction band

Conduction band

Conduction band

Valence band

Valence band

Valence band

Insulators Semiconductors Conductors

Figure 3.17 Energy band diagrams.

AtT=0K At moderate temperature
Conduction band Conduction band
e o ©o
@ Electrons
Valence band Valence band
e o 0 o o O O O e @ O Holes

Figure 3.18 Temperature dependence of electron density in the conduction band.
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Figure 3.20 Electron in a periodic Coloumb potential.

be attracted toward the nucleus of atom 2. When it is in the vicinity of atom 2, there is a chance that it will
be attracted toward atom 3 or atom 1. An alectron can hop on and off from atom to atom as if it were a free
classical particle, but with the following difference. A free non-relativistic particle can acquire any amount of
energy and the energy states are continuous. However, for an electron in periodic potential, there is a range of
energy states that are forbidden and this is called the energy band gap. The existence of a band gap can only
be explained by quantum mechanics. At very low temperature, electrons have energy states corresponding
to valence bands. As the temperature increases, electrons occupy energy states corresponding to conduction
bands, but are not allowed to occupy any energy states that are within the band gap, as shown in Fig. 3.21.
For a free electron, the energy increases quadratically with & as given by Eq. (3.66),

272
_ K (3.92)
2m0
where my, is the rest mass of an electron. Differentiating Eq. (3.92) twice, we find
hZ
my=———. 3.93
O B2E/dk? (353)

The dotted line in Fig. 3.21 shows the plot of energy as a function of the wavenumber, &, for the free electron.
For an electron in a pure semiconductor crystal, the plot of energy vs. wavenumber is shown as a solid line.
We define the effective mass of an electron in the periodic potential as

h2

") = Prrae

(3.94)

in the allowed range of energy states, in analogy with the case of free electrons. The effective mass can be
larger or smaller than the rest mass, depending on the nature of the periodic potential. For example, for GaAs,
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Figure 3.21 Plot of energy vs. wavenumber. The dotted line and solid line correspond to the energy of a free electron
and an electron in a pure semiconductor crystal, respectively.

mgi = 0.07my in the conduction band. The significance of the effective mass can be explained as follows.
Suppose an electron in the pure semiconductor crystal is subjected to an external electric field intensity, y,
then the equation of motion is given by Newton’s law,

d(meﬂ:l))
dt

where v and ¢ are the velocity and charge of an electron, respectively. Note that an electron in a pure semicon-
ductor crystal behaves as if it is a free particle with effective mass m, . An electron with m g < m, experiences
more acceleration than a free electron subjected to the same force qy .

The chance that an electron occupies an energy state E in thermal equilibrium is described by the
Fermi—Dirac function [12]

= force = qy, (3.95)

1
exp [(E — Ep)/kgT]+ 1

where E is called the Fermi level. From Eq. (3.96), we see that when E = E, f(E) = 0.5. Fig. 3.22 shows
the Fermi—Dirac function as a function of energy. Note that the Fermi function f(F) is not normalized and,
therefore, it is not a probability density function. For an intrinsic semiconductor, the Fermi level is in the
middle of the energy gap, as shown in Fig. 3.23.

For example, at the conduction band bottom, £, = E,, + E, and Ep = E,, + E, /2, at temperature T = 300 K,
kpT = 0.025 eV, and with Eg =1leV,

fE) = (3.96)

E

1 g
2k, T

S = exp [%] +1

~ exp [— ] = exp (—20). (3.97)

Thus, at room temperature, the chance that an electron occupies the conduction band is very small and,
therefore, the electrical conductivity of the intrinsic semiconductor is quite low. But the conductivity can be
increased by adding impurity atoms. The basic semiconductor without doping is called an intrinsic semicon-
ductor. Doping consists of adding impurities to the crystalline structure of the semiconductor. For example,
a small amount of group V elements such as arsenic can be added to silicon. Arsenic has five electrons in the
outermost shell; four electrons form a covalent bond with neighboring silicon atoms, as shown in Fig. 3.24,
but there is one electron left over that can not take part in bonding. This fifth electron is very loosely attached
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Figure 3.22 Fermi—Dirac function.
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Figure 3.23 Energy-band diagram of an intrinsic semiconductor.

and it is free to move through the crystal when an electric field is applied. Thus the number of free electrons in
the crystal is enhanced by doping with arsenic. Group V elements such as arsenic added to group I'V elements
are called donors, since they contribute free electrons. The resultant semiconductor material is known as an
n-type semiconductor.

When a small amount of group III elements such as gallium are added to silicon, three valence electrons of
gallium form a covalent bond with the neighboring three silicon atoms, while the fourth silicon atom shown
in Fig. 3.25 is deprived of an electron to complete a total of eight electrons. The missing electron is a hole
that can be filled by an electron that is in the neighborhood. Thus, the number of holes is increased by doping
with group III elements, which are known as acceptors, and the resultant semiconductor is known as a p-type
semiconductor.
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Figure 3.24 Molecular structure of an n-type semiconductor.

7 ~

/ \ Hole

| 1

: ©

N /
/41\ e /-t-o\
r/’ \n/ \n/ \1
S OR. P
N /N 7 N\ /
~e_o— S ~o_o—

o g

/ \

? 1

t 9

N /

~e_9o—

Figure 3.25 Molecular structure of a p-type semiconductor.

3.7.1 The PN Junctions

A PN junction or diode is formed by bringing p-type and n-type materials in contact, as shown in Fig. 3.26.
The n-side is electron-rich while the p-side has only a few electrons. So, the electrons diffuse from the n-side to
the p-side. Similarly, holes diffuse from the p-side to the n-side. As the electrons and holes cross the junction,
they combine. When an electron combines with a hole, it means that it becomes part of the covalent bond.
As a result, a region close to the junction is depleted of electrons and holes and hence this region is called a
depletion region. Because of the addition of electrons on the p-side, the depletion region on the p-side consists
of negative acceptor ions and similarly, the depletion region on the n-side consists of positive donor ions due
to migration of holes. Note that the p-type material (in the absence of the n-type material on the right) is
electrically neutral even though it has holes. This is because the charge of holes and that of the lattice cancel
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Figure 3.26 A PN junction or diode.

each other on average (if this was not the case, you would get a shock when you touched the p-type material).
Similarly, n-type material is also charge neutral in the absence of the p-type material. However, when these
materials are brought together to form a PN junction, we have negatively charged acceptor ions on the p-side
and positively charged donor ions on the n-side, which acts as a battery. This is known as contact potential.
This potential Vj, is about 0.6 to 0.7 V for silicon.

Next, let us consider the case when the diode is connected to the terminals of a voltage source. The diode is
said to be reverse-biased when the positive terminal of the source is connected to the n-side and the negative
terminal of the source is connected to the p-side, as shown in Fig. 3.27. Now, electrons in the rightmost region
of the n-side are attracted to the positive terminal of the battery, and electrons closer to the PN junction move
to the right, which enhances the width of the depletion region on the n-side. A similar effect happens on the
p-side, which leads to the widening of the depletion region, as shown in Fig. 3.27.

The diode is said to be forward-biased when the positive terminal of the source is connected to the p-side
and the negative terminal of the source is connected to the n-side, as shown in Fig. 3.28. The electrons on
the n-side are attracted to the positive terminal of the voltage source and the holes on the p-side are attracted

Depletion region before
reverse-bias
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+ o+ o+ o+
+ o+ o+ o+
000000
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Figure 3.27 The PN junction under reverse-bias.
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Figure 3.28 The PN junction under forward-bias.

to the negative terminal of the source. As a result, there is a current across the PN junction. The external
voltage counteracts the contact potential and, therefore, the width of the depletion region decreases as shown
in Fig. 3.28. We assume that the external voltage V is less than the contact potential. An external resistor must
be inserted in series with the voltage source to protect the PN junction from an excess current flow.

3.7.2  Spontaneous and Stimulated Emission at the PN Junction

The conduction band and valence band are similar to the excited state and ground state of the atomic system
discussed in Section 3.2, respectively. In the case of the atomic system, an atom in the ground state absorbs
a photon and makes a transition to the excited state. Similarly, in a semiconductor, an electron in the valence
band could jump to the conduction band by absorbing a photon if its energy exceeds the band-gap energy.
As the electron moves to the conduction band, it leaves behind a hole in the valence band. In other words, a
photon is annihilated to create an electron—hole pair. An electron in the conduction band is stimulated to emit
a photon if a photon of the same kind is already present, and it jumps to the valence band. In other words, an
electron combines with a hole, releasing the difference in energy as a photon. An electron in the conduction
band could jump to the valence band spontaneously, whether or not a photon is present. This occurs randomly,
leading to spontaneous emission.

Now let us consider the forward-biased PN junction. As electrons and holes cross the junction, they com-
bine and release the difference in energy as photons. The spontaneously generated photons act as a seed for
stimulated emission. As electrons are lost due to electron—hole recombination, the external voltage source
injects electrons. Thus, the voltage source acts as an electrical pump to achieve population inversion.

3.7.3 Direct and Indirect Band-Gap Semiconductors

Fig. 3.29 shows a plot of energy as a function of wavenumber. Let E, be the minimum energy required to
excite an electron to the conduction band. If an electron absorbs the energy E; > E,, the excess energy appears
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Figure 3.29 E—k diagram assuming parabolic conduction band.

in the form of kinetic energy. If we assume that the energy depends on the wavenumber quadratically in the
conduction band as in the case of a free particle, the energy of an electron in the conduction band is given
by [13]
n’k?
1

2meff, 1

E =E, +

) (3.98)
where m,;  is the effective mass of an electron in the conduction band and 7k, is the momentum. If the bottom
of the conduction band is aligned with the top of the valence band as shown in Fig. 3.30, such a material is
called a direct band-gap material. For example, GaAs and InP are direct band-gap materials. For indirect
band-gap materials, the conduction band minimum and valence band maximum occur at different values of
momentum, as shown in Fig. 3.31. Silicon and germanium are indirect band-gap semiconductors.
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Figure 3.30 Simplified E—k diagram for a direct band-gap material.
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Figure 3.31 Simplified E—k diagram for an indirect band-gap material.

Let us first consider a direct band-gap semiconductor. Let the energy of the top of the valence band be the
reference with £ = 0. The energy of an electron in the conduction band with effective mass n. | is

h2k?
E =E, + —

g
Mett |

(3.99)
The energy of an electron in the valence band, or equivalently that of a hole with effective mass mg,, is

h2k2
E, = 2

2meff,2

(3.100)
When an electron makes a transition from energy state E; to E,, a photon of energy /e is emitted. In other
words, an electron in the conduction band recombines with a hole in the valence band, releasing the energy
difference as a photon. The conservation of energy yields

El =E2+ha),

1 hzkf hzkg
ho =E, —E,=E, + = +—
Similarly, the conservation of momentum yields

Megry  Mefrp

(3.101)
hky = hkey + Rk,

(3.102)

where hkph is the photon momentum. At optical frequencies, hkph < hkj, j=1,2.From Eq. (3.102), it follows
that k; = k, and, therefore, the transition from energy state £, to E, in Fig. 3.30 is almost vertical. From
Eq. (3.101), we find

h2k?
1
2m,.’

r

hw:Eg+

(3.103)
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where
m m
. eff,1""%eff,2 (3 104)

Megr,1 + Mgy p

is the reduced effective electron mass [13]. For indirect band-gap materials, the momenta of electrons in
the conduction band and in the valence band are different. Typically, the difference in momenta is much
larger than the photon momentum and, therefore, the momentum can not be conserved in the electron—photon
interaction unless the photon emission is mediated through a phonon. A phonon refers to the quantized lattice
vibration or sound wave. If the momentum of the phonon is equal to the difference A(k; — k,), the chance of
photon emission as an electron jumps from conduction band to valence band increases. In other words, in the
absence of phonon mediation, the event that an electron makes a transition from conduction band to valence
band emitting a photon is less likely to happen. Therefore, indirect band-gap materials such as silicon and
germanium are not used for making lasers, while direct band-gap materials such as GaAs and InP (and their
mixtures) are used for the construction of lasers. However, silicon can be used in photo-detectors. As we will
discuss in Chapter 5, an electron in the valence band jumps to the conduction band by absorbing a photon.
We may expect that such an event is less likely to happen in silicon because of the momentum mismatch in
the electron—photon interaction. But the crystal lattice vibrations (crystal momentum) provide the necessary
momentum so that the momentum is conserved during the photon-absorption process. In contrast, during the
photon-emission process, phonon mediation is harder to come by since the free electrons in the conduction
band are not bound to atoms, and, therefore, they do not vibrate within the crystal structure [10].

Example 3.6

In a direct band-gap material, an electron in the conduction band having a crystal momentum of
7.84 x 10726 Kg- m/s makes a transition to the valence band emitting an electromagnetic wave of wavelength
0.8 pm. Calculate the band-gap energy. Assume that the effective mass of an electron in the conduction
band is 0.07m and that in the valence band is 0.5m, where m is the electron rest mass. Assume parabolic
conduction and valence band.

Solution:
The reduced mass m,. is related to the effective masses by Eq. (3.104),
Mett,1 Metf,2

m,=——"_
Mgp | + Mg o

Megey = 0.07m, Mg, = 0.5m, electron mass m = 9.109 x 10-3 kg,

_0.07x0.5

=2 %9109 x 107! =5.59 x 107 kg.
"= 007405 g

The electron momentum is
hk, = 7.84 x 10~ kg - m/s.

The photon energy is

¢ 1.054x 1073 x 27 x 3 x 108
ho=h2n— =
A 0.8 x 10-6

=248 x10717.
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From Eq. (3.103), we have

n2k? —2612

E. =ho— —L =248x10-19 - (84X 1077)"

¢ 2m, 2%5.59 x 10-32
=1.93x107"7.

3.8 Semiconductor Laser Diode

The light emission in laser diodes is mostly by stimulated emission, whereas that in LEDs is mostly by
spontaneous emission. Laser diodes can emit light at high powers (~100 mW) and also it is coherent. Because
of the coherent nature of laser output, it is highly directional. The narrower angular spread of the output
beam compared with a LED allows higher coupling efficiency for light coupling to single-mode fibers. An
important advantage of the semiconductor laser is its narrow spectral width, which makes it a suitable optical
source for WDM optical transmission systems (see Chapter 9). A semiconductor laser in its simplest form is
a forward-biased PN junction. Electrons in the conduction band and holes in the valence band are separated
by the band gap and they form a two-band system similar to the atomic system discussed in Sections 3.2
and 3.6. As electrons and holes recombine at the junction, the energy difference is released as photons, as
discussed in Section 3.7.2. To obtain oscillation, optical feedback is required, which is achieved by cleaving
the ends of the laser cavity. Cleaving provides flat and partially reflecting surfaces. Sometimes one reflector
is partially reflecting and used as laser output port and the other has a reflectivity close to unity. By coating
the side opposite the output with a dielectric layer, the reflection coefficient could be close to unity.

3.8.1 Heterojunction Lasers

The PN junction shown in Fig. 3.32 is called a homojunction. The problem with the homojunction is that
when it is forward-biased, electron—hole recombination occurs over a wide region (1 — 10 pm). Therefore,
high carrier densities can not be realized.

A heterojunction is an interface between two adjoining semiconductors with different band-gap energies. In
Fig. 3.33, a thin layer is sandwiched between p-type and n-type layers. The band gap of this layer is smaller
than that of the p-type and n-type layers, as shown in Fig. 3.34(b). This leads to two heterojunctions and
such devices are called double heterostructures. The thin layer, known as the active region, may or may not
be doped depending on the specific design. For example, the middle layer could be p-type GaAs and the
surrounding layers p-type AlGaAs and n-type AlGaAs as shown in Fig. 3.33.

Double-heterojunction lasers have the following advantages: the band-gap difference between the active
region and the surrounding layers results in potential energy barriers for electrons in the conduction band and

Homojunction

/

r p-type n-type _‘

Figure 3.32 A homojunction.
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Figure 3.33 A double-heterojunction Fabry—Perot laser diode. The cleaved end functions as a partially reflecting mirror.

Active region

p-type

™~

n-type

(a)

W

Heterojunctions

Conduction band

Energy

Valence band

(b)

Index, n

Figure 3.34 Double heterostructure: (a) heterojunctions; (b) band gap; (c) refractive index.

for holes in the valence band. Electrons and holes trapped in the active region could escape to the surrounding
layers only if they have sufficient energy to cross the barriers. As a result, both electrons and holes are mostly
confined to the active region. Because of the smaller band gap, the active region has a slightly higher refractive
index. As discussed in Chapter 2, this acts as an optical waveguide and light is confined to the middle layer of
the higher refractive index due to total internal reflection. Therefore, not only electrons and holes are confined
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to the active region, but also photons, which increases the interaction among them, and the efficiency of light
generation in a double heterostructure is much higher than in the devices using homojunctions.

3.8.2 Radiative and Non-Radiative Recombination

When a PN junction is forward-biased, electrons and holes recombine to produce light. This is called radiative
recombination. In a semiconductor, electrons and holes can also recombine non-radiatively. In this case, the
energy difference is released as lattice vibrations or given to another electron or hole to increase its kinetic
energy [14—16]. This type of recombination is called non-radiative recombination. In a practical light source,
we like to maximize the radiative recombination by reducing the energy loss due to non-radiative recombi-
nation. Therefore, it is useful to define the internal quantum efficiency of a light source as

R R
Mo = = = ﬁ, (3.105)
tot rr nr
where R,, is the radiative recombination rate, R, is the non-radiative recombination rate, and R, is the total
recombination rate. Radiative recombination occurs in two different ways: (i) spontaneous emission and (ii)
stimulated emission,
R, =R + Ryim- (3.106)

rr — “tspont

For direct band-gap materials, the radiative recombination rate could be larger than the non-radiative rate
since the conservation of energy as well as momentum can be achieved when an electron makes a transition
from the conduction band to the valence band emitting a photon. In contrast, for indirect band-gap materi-
als, such as Si and Ge, the electron—hole recombination is mostly non—radiative and, therefore, the internal
quantum efficiency is quite small. Typically, n,,, is of the order of 107> for Si and Ge.

3.8.3 Laser Rate Equations

In Section 3.6 we developed the rate equations for an atomic system with two levels. In the atomic system, the
interaction takes place among the photons, the atoms in the excited level, and in the ground level. Similarly,
in the semiconductor laser diode, the interaction is between the electrons in the conduction band, holes in the
valence band, and photons. Therefore, Egs. (3.89) and (3.90) may be used to describe the time rate of change
of electrons and photons in a cavity with N, being replaced by the electron density N,,

dN,

dte = Rpump + Rstim + Rsp + Rnr
=R GN Ne 3.107
— Tpump T HHph T T (3.107)
e
dN,
ph
7 = Rstim + Rxp + Rloss
N h
=GNy, + Ry, = ——. (3.108)
ph

Here, 7, = 7,, represents the lifetime of electrons associated with spontaneous emission and non-radiative
transition. In Section 3.3, we found that G = go. This result was derived under the assumption that the light
is a plane wave. But in a double-heterojunction laser, the active region has a slightly higher refractive index
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than the surrounding layers and, therefore, it acts as a waveguide. The tails of an optical mode extend well
into the surrounding regions, but they do not contribute to the photon density in the active region. Since the
electron—hole recombination by photon emission depends on the photon density in the active region, we
introduce a confinement factor I,

G =Tgv, (3.109)

where I is the ratio of optical power in the active region to total optical power carried by the mode.
Let us consider the growth of photons due to stimulated emission alone. Egs. (3.107) and (3.108) become

dN,

<= =GNy, (3.110)
— =GN (3.111)

Adding Egs. (3.110) and (3.111), we find
AN AN _ 3.112
—a - G112
or
N, + N,;, = Const. (3.113)

This implies that the total number of electrons and photons is conserved under these conditions. In other
words, if you lose 10 electrons per unit volume per unit time by recombination, you gain 10 photons per unit
volume per unit time.

Now, let us find an expression for R,,,,,,. The electrons and holes are consumed by stimulated emission.
Therefore, the external power supply should inject electrons continuously. The current is

(3.114)

where 7, is the number of electrons, ¢ is the electron charge = 1.602 X 10~ C, and T is the time interval.
The number of electrons crossing the active region per unit time is

n 1

=, (3.115)

r q
The above equation gives the electron pumping rate. We divide it by the volume of the active region to obtain
the electron pumping rate per unit volume,

n 1

R _<

=l 1 3.116
pump TV gdwL ( )

where d, w, and L are thickness, width, and length of the active layer, respectively, as shown in Fig. 3.35(b).
Using Eq. (3.116) in Egs. (3.107) and (3.108), we find

AN, -1 GN, Ne (3.117)
dt — qV rh” '
dN N
ph ph
=GN, +R, — —. (3.118)
dt P Yoo,

In the case of an atomic system, we have derived an expression for G (see Eq. (3.91)). But in the case of a
semiconductor laser, it is hard to find an exact analytical expression for the gain coefficient g. Instead, we use
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Figure 3.35 (a) Forward-biased heterojunction laser. (b) Active region.

the following approximation [16]:
g =0,(N, — Ny), (3.119)

where o, and N, are parameters that depend on the specific design. o, is called the gain cross-section and
N, is the value of the carrier density at which the gain coefficient becomes zero. Using Eq. (3.109), we find

G =Tgv = Gy(N, — N,y) (3.120)

where

Gy =To,v. (3.121)

3.8.4 Steady-State Solutions of Rate Equations

Egs. (3.117) and (3.118) describe the evolution of electron density and photon density in the active region,
respectively. In general, they have to be solved numerically on a computer. However, the steady-state solution
can be found analytically under some approximations. First, we ignore the spontaneous emission rate since it
is much smaller than the stimulated emission rate for a laser. Second, we use Eq. (3.120) for the gain, which
is an approximation to the calculated/measured gain. Now, Eqs. (3.117) and (3.118) become

dN, N,
ph ph
T _ _ et 3.122
dt ph Tph ( )
dn., = -GN, N + d (3.123)
dt rhe gV '

We assume that the current / is constant. Under steady-state conditions, the loss of photons due to cavity loss
is balanced by the gain of photons due to stimulated emission. As a result, the photon density does not change
as a function of time. Similarly, the loss of electrons due to radiative and non-radiative transitions is balanced
by electron injection from the battery. So, the electron density does not change with time too. Therefore, under
steady-state conditions, the time derivatives in Egs. (3.122) and (3.123) can be set to zero,

dN, dN,
ph e

= =0. 3.124

dt dt ( )
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From Eq. (3.122), we have

Gr,, = 1. (3.125)
Using Eq. (3.120), we obtain
Go(N, = Ny, = 1, (3.126)
1

N, =N, _— 3.127
e e0 + GOTph ( )

From Eq. (3.125), it follows that
I'g = agy. (3.128)

which is a restatement of the fact that gain should be equal to loss. If the current / is very small, there will not
be enough electrons in the conduction band to achieve population inversion. In this case, the gain coefficient
will be much smaller than the loss coefficient and photons will not build up. For a certain current /, the gain
coefficient I'g becomes equal to the loss coefficient a,, and this current is known as the threshold current, I;,.
If I > I,;,, stimulated emission could become the dominant effect and the photon density could be significant.
Under steady-state conditions, there are two possibilities.

Case (i) I = I,_. Stimulated emission is negligible and N, = 0,

dN, N, |

=-—+—==0. 3.129
dt 7, qV ( )
Let N, = N, . From Eq. (3.129), we have
N, qV
I, =~ 97 (3.130)
Te
From Eq. (3.127), we have
Newn =Neo + —. (3.131)
GOTph

Case (ii) I > I,;,. When the current exceeds the threshold current, we may expect the electron density N, to be
larger than N, ,. However, the electron density will be clamped to N, ,;, when I > [,;,. This can be explained
as follows. The threshold current is the minimum current required to achieve population inversion. When
I > 1, the excess electrons in the conduction band recombine with holes and, therefore, the photon density
increases while the electron density would maintain its value at threshold. Fig. 3.36(a) and 3.36(b) shows the
numerical solution of the laser rate equations for / = 50 mA and 100 mA, respectively. The threshold current
in this example is 9.9 mA. In Fig. 3.36(a) and 3.36(b), after # > 5 ns, we may consider it as steady state since
N, and N, do not change with time. Comparing Fig. 3.36(a) and 3.36(b), we find that the steady-state electron
density is the same in both cases, although the bias currents are different. In fact, it is equal to N, ,, as given
by Eq. (3.131). Using Egs. (3.124) and (3.125) in Eq. (3.123), we obtain

Nph _ 1 Ne,th

—_— = (3.132)
Toh qV T,
Using Eq. (3.130), Eq. (3.132) can be written as
(I - Ith)Tph
Ny = v (3.133)
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Figure 3.36 Numerical solution of the rate equation using typical parameters of an InGaAsP laser diode: (a) I = 50 mA;
(b) I = 100 mA.

The next step is to develop an expression for the optical power generated as a function of the current. Since
the energy of a photon is equal to 2w, the mean photon density of N, corresponds to the energy density,

u=N,,ho. (3.134)
The relation between energy density and optical intensity is given by Eq. (3.50),
1 = uv = N, hov. (3.135)

Since optical intensity is power per unit area perpendicular to photon flow, the mean optical power generated
can be written as

Pyen = TA = N,,hovA, (3.1306)
where A is the effective cross-section of the mode. Using Eq. (3.133) in Eq. (3.136), we finally obtain

(I = Iy)7,,hwvA
gen = W)T (3137)

Note that the above equation is valid only when I > I, If I <1, P,., = 0 under our approximations.

gen

Example 3.7

A 1300-nm InGaAs semiconductor laser has the following parameters:

Active area width w = 3 pm
Active area thickness d = 0.3 pm
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Length L = 500 pm

Electron lifetime = 1 ns (associated with spontaneous and non-radiative recombination)
Threshold electron density = 0.8 x 10** m™3

Internal cavity loss = 46 cm™!

Refractive index = 3.5

Reflectivity Ry = R, = 0.65

Under steady-state conditions, calculate (a) the photon lifetime, (b) the threshold current, and (c) the current
required to generate a mean photon density of 8.5 x 10?! m=3.

Solution:
(a) The photon lifetime is given by Eq. (3.79),

1

L =— (3.138)
P U(aim + amir)
@ =46cm™' =46 x 10°m™", (3.139)

The mirror loss is, by Eq. (3.38),

A —Lln 1
™oL \RyR,

o (56
= In
2 %500 x 10-6 0.652

=8.61 x10°m™!, (3.140)
8
S >§ ;0 = 8.57 x 107 m/s. (3.141)
Using Egs. (3.139), (3.140), and (3.141) in Eq. (3.138), we find
1

=2.13 ps.

T 857 x 10746 x 102 + 8.61 x 102)
(b) The threshold current /,, is related to the threshold electron density by Eq. (3.130),

B N,mqV
th — Te ?
where V is the active volume,
V =wdL
=0.3x107°x3x 107° x 500 x 107 m?
=4.5x 107" m’.

The electron lifetime 7, = 1 X 10~ s and N, ;, = 0.8 X 10** m=,

;08X 102 x 1.602 x 1071° x 4.5 x 10716
th 1x 1079
=52.7mA.

A
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(c) The mean photon density and the current are related by Eq. (3.133),

(I — Ilh)Tph
ph= q—v
or
N, .qV
I = I[h A ph
Tph
o7 103 4 85X 107 X 1602 % 1079 x 4.5 x 10716
' 2.13x10-12
=340.4 mA.

3.8.5 Distributed-Feedback Lasers

In Section 3.3, we saw that a Fabry—Perot laser supports many longitudinal modes. For many applications,
it is desirable to have a single-longitudinal-mode laser. In the case of Fabry—Perot lasers, the cleaved facets
act as mirrors. The mirrors can be replaced by periodically corrugated reflectors or Bragg gratings, as shown
in Fig. 3.37(b). This type of laser is known as a distributed Bragg reflector (DBR) laser [17]. Bragg gratings
are formed by periodically changing the refractive index. If A is the period of refractive index variations, the
Bragg grating acts as a reflector with reflection maxima occurring at frequencies

Bragg mc
=", =12, .., 3.142
=g m (3.142)
where n is the effective mode index. The above condition is known as the Bragg condition. The longitudinal
modes of the cavity which do not satisfy the Bragg condition do not survive, since the cavity loss (= internal
loss + Bragg reflector loss) increases substantially for those longitudinal modes. The longitudinal modes of

the cavity are given by Eq. (3.44), .
c

T 2L’

As an example, if L=300pm and n = 3.3, the frequency separation between longitudinal modes
= 0.15 THz. If the main mode frequency = 190 THz, the frequency of two neighboring modes is 189.85 THz
and 190.15 THz. The reflection is the strongest for first-order gratings (m = 1). If we choose the grating
period such that f,Ewgg = 190THz for m =1, from Eq. (3.142), we find A = 0.24 ym. The neighboring

f 1=0,1,2, ... (3.143)

Fabry-Perot laser DBR laser DFB laser
lI lI l1 Bragg grating

Active -t
p-type p-type prbpe 2
Cleaved facet n-type ; n-type : n-type

/ \
Bragg grating Bragg grating
(a) (b) (©

Figure 3.37 Different laser configurations: (a) FP laser, (b) DBR laser, (c) DFB laser.
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modes do not satisfy the Bragg condition given by Eq. (3.142) and, therefore, they suffer huge losses.
One drawback of the DBR is that the corrugated region is part of the cavity and it is somewhat lossy, which
lowers the efficiency of the device. Instead, the corrugated region can be fabricated above the active region
as shown in Fig. 3.37(c). Such a laser is known as a distributed-feedback (DFB) laser [18, 19]. The grating
placed above the waveguide changes the effective index periodically and is equivalent to the waveguide
with periodic index variation in the core region. This grating provides coupling between forward- and
backward-propagating waves and maximum coupling occurs for frequencies satisfying the Bragg condition,
Eq. (3.142). The advantage of a DFB laser is that the corrugated region is not part of the cavity and, therefore,
cavity loss does not increase because of the grating. DFB lasers are widely used in applications such as CD
players, transmitters in fiber-optic communications, and computer memory readers.

3.9 Additional Examples

Example 3.8
For an atomic system under thermal equilibrium conditions, the ratio of spontaneous emission rate to stimu-
lated emission rate is 2 X 10'*. Find the wavelength of the light emitted. Assume that the temperature is 30°C.

Solution:
From Eq. (3.16), we have

Rspont — ex h_a) 1
Rem P\ )

stim

kgT

hw
2x 10 ~ L=
o0 ()

ho 14
— =1n(2x 10™).
= )

With T =30°C = 303K, kz = 1.38 x 1072 J/K, and 2 = 1.054 X 10734 J - s,
® = 1.3 x 10" rad/s.

The wavelength is

8
_ 2zc _ 2z x3x10 = 144 pm.

1=
T e T 13x100

Example 3.9

A laser diode operating at 1.3 pm has a cavity length of 300 pm and the refractive index n of the active region
is 3.5. (a) What is the frequency separation between modes? (b) What is the wavelength separation between
modes?
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Solution:
(a) The frequency separation Af is given by Eq. (3.45),

c 3x 108
Af = —f =_< — = 142.8 GHz.
f =l = = 1 2% 3.5%300x 106 ‘
(b) Since Pl c
==
we have —
df = ﬁdﬂ
o 2 1.3 x 107%)? x (1.428 x 10"
jad] = Epp = E3XW0TV XAABXI0T) | _ g9,
c 3x 108
Example 3.10

In a direct band-gap material, an electron in the valence band having a crystal momentum of 9 x 10726 kg - m/s
makes a transition to the conduction band absorbing a light wave of frequency 3.94 x 10'* Hz. The band gap
is 1.18 eV and the effective mass of an electron in the conduction band is 0.07m, where m is the electron rest
mass. Calculate the effective mass of the electron in the valence band.

Solution:
From Eq. (3.103), we have
hzkf
hWf = E. + s 3.144
f = E+ 5! (3.144)
where | | 1
— = 4 (3.145)
m, — Mg Megrp
and

E,=1.18eV =118%x1602x 10771 =1.89x107" J.

For a direct band-gap material, k; ~ k,. The crystal momentum 7k, = 9 x 10726 kg - m/s and the energy of
the photon is
hf =6.626 x 1073 x3.94x 107 =2.61 x 1077 J.

From Eq. (3.144), we have

h2k?
2—1 =hf —E, = (2.61x107"7 = 1.89x107) I =7.2x 1077,
mr

(9 x 10-26)2 Y
= OX ) 562%x 1072 kg.
M= 144 x 1020 &
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Since the electron rest mass, m = 9.109 X 107! kg, m g, = 0.07m = 6.37 X 1073 kg, using Eq. (3.145), we

btai
ovn 1 1 1 1 1 .
= — — = = kg
meffyz mr meff,l 562 X 10_32 637 X 10_32

Mgy = 4.78 x 107" kg.

Example 3.11

A laser diode has a 320-pm cavity length, the internal loss coefficient is 10 cm~'. The mirror reflectivities are
0.35 ateach end. The refractive index of the active region is 3.3 under steady-state conditions. Calculate (a) the
optical gain coefficient I'g required to balance the cavity loss and (b) the threshold electron density N,. Assume
that the gain can be modeled as G = Gy(N, — N,q), Gy = 1.73 x 1072 m* /s and N, = 3.47 X 10 m=.

Solution:
The total cavity loss coefficient is given by Eq. (3.39),

Acay = Xing + QApnirs

where
= —1n [=1 | = ! I [—]=328x10'm™".
2L RR, 2 %320 x 10-° 0.352
The internal loss coefficient is a.., = 103 m~1,

1nt
Ty = 10° +3.28x10°m™' =428 x 10° m™".

The optical gain coefficient I'g to balance the cavity loss is
lg=a, =428x10°m™".

cav

(b) The threshold electron density is given by Eq. (3.131),

1
N h = N 0 + s
el e, GOTph
where
o1
ph UaCaV,
8
v=C=3X1% _609% 107 mys,
n 3.3
1
= = 2.57 ps,
Pt = 909 % 107 x 4.28 x 103 P
1 -3

N,

(4

m=347%x10% +

m
1.73 x 10712 x 2.57 x 1012
=571x 108 m™>3.
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Exercises

3.1 Explain the three processes by which a ligh twave interacts with an atom.

3.2 The operating wavelength of an optical source is 400 nm. Calculate the ratio of spontaneous to stim-
ulated emission rate under thermal equilibrium. Assume 7" = 293 K. Is the optical source coherent?
Provide an explanation.

(Ans: 4.12 x 10*3. No.)

3.3 Inan atomic system, the spontaneous lifetime associated with 2 — 1 transition is 3 ns and the Einstein
coefficient B is 6 X 10> m3/J - s2. Calculate the energy difference between the levels 1 and 2. Assume
that the speed of light is 1.5 x 108 m/s.

(Ans: 2.73 x 10719 7))

3.4 In an atomic system under thermal equilibrium conditions, the population density of the ground level
is 2 x 10%° m~3 and the energy difference between the levels is 1.5 eV. Calculate the population density
of the excited level. Assume that the temperature is 30° C.

(Ans: 22m™3))

3.5 Under thermal equilibrium conditions, the ratio of spontaneous emission rate to stimulated emission
rate is 2.33 x 10'7, the population density of the ground state is 1.5 X 10?® m™3, and the temperature
is 300 K. Calculate (a) the energy difference between the levels and (b) the population density of the
excited level.

(Ans: (a) 1.65x 10719 J; (b) 6.47 x 10 m™3.)

3.6 An electron has a momentum of 4.16 x 1072 kg - m/s. Calculate (a) the De Brogile wavelength and
(b) the wavenumber.

(Ans: (a) 1.59 x 107%m; (b) 3.94 x 108 m~!.)

3.7 A Fabry—Perot laser diode has a cavity length of 250 pm, the internal loss coefficient is 45 cm™', and
the photon lifetime is 1.18 ps. Calculate the mirror reflectivity. Assume that the reflectivities are equal
and the velocity of light in the active region is 9.09 x 107 m/s.

(Ans: R, =R, =0.299.)

3.8 If one end of the laser cavity of Exercise 3.7 is coated with a dielectric reflector so that its reflectivity
is 0.95, calculate the photon lifetime. Other parameters are the same as in Exercise 3.7.

(Ans: 1.56 ps.)

3.9 Show that the peak wavelength of the light emitted is related to the band-gap energy by

124
CE, (eV)

A(pm)

Here, (um) indicates that the wavelength is in units of pm.

www.EngineeringEBooksPdf.com



Lasers 137

3.10 The wavelength separation between longitudinal modes of a 1300-nm Fabry—Perot laser is 0.8 pm.
Calculate the cavity length. Assume that the refractive index n = 3.5.

(Ans: 300 pm.)
3.11 The two cleaved facets of a 350-nm long semiconductor laser act as mirrors of reflectivity,
—1\2
Ri=Ry= (=), 3.146

1=0=1 ( )
where n is the refractive index of the gain medium. If the internal loss coefficient is 15 cm™!, calculate
the gain coefficient required to offset the loss.
(Ans: 50.75 cm™1)

3.12 Explain the difference between direct and indirect band-gap materials.

3.13 Inadirect band-gap material, an electron in the conduction band makes transition to the valence band,
emitting a light wave of frequency 75 x 10'* Hz. The band-gap energy is 1.8 eV. Calculate the crystal
momentum of the electron. Assume that the effective mass of an electron in the conduction band and
the valence band is 0.07m and 0.5m, respectively, where m is the rest mass of an electron = 9.109 x
10731 kg.

(Ans: 7.23 X102 kg - m/s.)

3.14 The threshold electron density in a 800-nm Fabry—Perot laser diode is 4.2 x 10?3 m™3, the electron
lifetime 7, is 1.5 ns, and the volume of the active region is 5 X 107'® m™3. Calculate (a) the photon
lifetime and (b) the threshold current. Assume that the gain can be modeled as G = G,(N, — N,),
with Gy =2 x 10712 m3/sand N, = 3.2 X 10> m~>.

(Ans: (a) 5Sps; (b) 22.4mA.)
3.15 A semiconductor laser diode has the following parameters:

Active area width w = 4 pm

Active area thickness d = 0.5 pm

Length L = 400 pm

Electron lifetime = 1.5 ns

Internal cavity loss = 10cm™!

Reflective index = 3.3

Reflectivity R} = 0.32

Reflectivity R, = 0.92

Gy =1.5x 10712 m’/s

Ny =34%x102m™3

The bias current is 65 mA. Under steady-state conditions, calculate (a) the photon lifetime, (b) the
threshold electron density, (c) the threshold current, (d) the photon density, and (e) the optical intensity.

(Ans: (a) 4.35ps, (b) 4.93 X103 m™3, (c) 42.1 mA, (d) 7.75 X103 m~3, (e) 1.75 x10'0 W/m?.
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3.16 Explain how the Bragg gratings can be used to make a single-longitudinal-mode laser.

3.17 A 1550-nm DFB laser has a cavity length of 300.07 pm. Find the grating period to have the strongest
reflection (first-order grating) at 1550 nm. Assume n = 3.2.
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4

Optical Modulators and
Modulation Schemes

4.1 Introduction

To convey a message, the amplitude, frequency, and phase of an optical carrier are switched in accordance
with the message data. For example, bits ‘1’ and ‘0’ can be transmitted by turning a laser diode on and off,
respectively. Typically, the message signal is in the form of binary data in an electrical domain, and optical
modulators are used to convert the data into an optical domain. Sections 4.2 to 4.5 review the various line
coders, pulse shapes, and digital modulation schemes. Sections 4.6 and 4.7 deal with different types of optical
modulators and generation of modulated signals using optical modulators. The benefit of adding a controlled
amount of ISI is discussed in Section 4.8. Section 4.9 deals with multi-level signaling, which enables higher
transmission data rates without having to increase the bandwidth.

4.2 Line Coder

Digital data can be represented by electrical waveforms in a number of ways. This process is called line
coding. In the binary case, bit ‘1’ is sent by transmitting a pulse p(¢) and bit ‘0’ is sent by transmitting no
pulse. This line code is known as unipolar or on—off, as shown in Fig. 4.1(a). If a bit ‘1’ and bit ‘0’ are
represented by p(#) and —p(¢), respectively, such a line code is polar. This is shown in Fig. 4.1(b). If a bit
‘0’ is represented by no pulse and a bit ‘1’ is represented by p(f) and —p(t), such a line code is known as
bipolar. In a bipolar line code, bit ‘1’ is encoded by p(t) if the previous bit ‘1’ is encoded by —p(#) and bit ‘1’
is encoded by —p(¢) if the previous bit ‘1’ is encoded by p(t), as shown in Fig. 4.1(c). In other words, pulses
representing consecutive bit ‘1’s (no matter how many ‘0’s are between the ‘1°s) alternate in sign. Hence, this
line code is also called alternate mark inversion (AMI).

4.3 Pulse Shaping

The message signal can be the internet data, voice data after analog-to-digital conversion (ADC), or any
other form of digital data in an electrical domain. The widely used pulse shapes (p(¢)) are non-return-to-zero
(NRZ) and return-to-zero (RZ). In the case of NRZ, the signal does not return to a zero level if there are two
consecutive ‘1’s in a bit stream, whereas in the case of RZ, the signal returns to zero at the end of each bit

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 4.1 Various line codes: (a) unipolar, (b) polar, and (c) bipolar.
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Figure 4.2 Pulse shapes: (a) NRZ, and (b) RZ.

slot, as shown in Fig. 4.2. The advantage of NRZ is that fewer transitions between ‘0’ and ‘1’ are required
compared with RZ, since the signal amplitude remains the same if consecutive bits are ‘1° or ‘0’. Therefore,
the bandwidth of a NRZ signal is less than that of a RZ signal. The wider spectral width of a RZ signal can
also be understood from the fact that the pulse width of RZ pulse is shorter than that of a NRZ pulse. The
message signal may be written as

m(t) =Ay Y. a,p(t—nT,), .1

n=—oo

where a,, is the binary data in the bit slot, p(¢) represents the pulse shape, and A, is a real constant.

An important parameter that characterizes a RZ signal is the duty cycle. This is defined as the time for which
the light is turned on in a bit interval divided by the bit interval, i.e., the fraction of time over which the light
is on “duty” within a bit interval. For example, for a 10-Gb/s system, the bit interval 7} is 100 ps and if the

www.EngineeringEBooksPdf.com



Optical Modulators and Modulation Schemes 141

duration of the signal pulse is 30 ps, the duty cycle is 30%. The duty cycle of a NRZ signal can be considered
to be 100%. In the above definition, we have assumed rectangular pulses. For pulses of arbitrary shape, the
duty cycle x can be defined as the ratio of the FWHM of a pulse to the bit interval 7},

X = FWHM. 4.2)
T,
When rectangular pulses are used, a RZ pulse in a bit interval [-T},/2, T, /2] may be written as
p(t)=1 for |t| < xT,/2
= (0 otherwise. 4.3)

4.4 Power Spectral Density

In this section, we find an expression for the power spectral density (PSD) of various line coders. Let the
message signal be of the form

L
m(1) = Ay Jim D ap(t—IT,). (4.4)
I=—L
Noting that _
Fip(t = IT,)} = p(f)e*™"s, (4.5)
the Fourier transform of m(¢) is
L
(f) = Aop(f) lim ZZL a, > (4.6)
The PSD is defined as e
. < |m >
pn(f) = Jim — 4.7
where T'= (2L + 1)T, and < > denotes the ensemble average. From Eq. (4.6), we have
(I = m(f)m*(f)
L L
=A(2)1~j(f) lim 2 aleiZﬂ'ﬂTh ﬁ*(f) 2 a;(:e—iZIL'ﬂ(Tb
Lm0 2 k=L
L L
=AGPOIP Jim ¥ Y ajage 0, (48)
I=—Lk=—L
Using Eq. (4.8) in Eq. (4.7), we obtain
1 L L
pul) = AIDIP Jim e BT N < a > 2T, (4.9)

- 2L+ DT, &= &,

Let us first consider the case of a polar signal in which g is a random variable that takes values +1 with equal
probability. When k # [,

<aa; >=0. (4.10)
This can be explained as follows. When ¢;a; = 1, it corresponds toa; = landa; = 1,0ra, = —landa; = —1;
when g,a; = —1, it corresponds toq; = —l and @; = 1, ora; = 1 and @; = —1. The chance that ¢;a, = 1is the
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same as that of having a,a: = —1. Therefore, the ensemble average of a,az is zero when k # [. When k = [,
<aa; >=<|a|* >= 1. 4.11)

The terms in Eq. (4.9) can be divided into two groups; terms with k = [ and terms with k # /,

L L L

1 * i2zxf (-
pm(f) Azlp(f)|2 llm m Z < |ak|2 > + Z Z < alak > ez f(=k)T) . (412)
I=—L k=—L.k#l

Using Eqgs. (4.10) and (4.11) in Eq. (4.12), we find

25 g 2Lt A?)Iﬁ(f)l2
() = AGIPOOI" ] (2L+1)T,, T, (4.13)

4.4.1 Polar Signals

Consider a polar signal with RZ pulses. The pulse shape function p(z) is

e
(0) = rect (be) , @.14)
P(f) = xTysinc (xTyf), (4.15)

where sinc (y) = sin (zy)/(xy). Using Eq. (4.15) in Eq. (4.13), we find
PRE(f) = Agx*T,sinc> (T f). (4.16)
When x = 1, this corresponds to a NRZ pulse and the PSD is
PARA(f) = AST,sinc? (T,f). 4.17)

Fig. 4.3 shows the PSD of a polar signal with NRZ and RZ pulses. As can be seen, the signal bandwidth of RZ
pulses with 50% duty cycle is twice that of NRZ. For a polar signal with NRZ, the effective signal bandwidth
(up to the first null) is B Hz. This is twice the theoretical bandwidth required to transmit B pulses per second
[1]. Therefore, the polar signal is not the most bandwidth-efficient modulation format.

4.4.2  Unipolar Signals
The PSD of a unipolar signal is given by (see Example 4.5)

AP
Pm - 4

Z 5(f — —)] (4.18)

h I=—0
For RZ pulses, p(f) is given by Eq. (4.15). Substituting Eq. (4.15) in Eq. (4.18), we find

22

T,
RZ(p) = ~0 " Ginc? (T f) ll +— Z 8(f — —)] . (4.19)
b

b l=—o0
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Figure 4.3 Spectrum of a polar signal: (a) NRZ, and (b) RZ with 50% duty cycle. B = bit rate.

When x = 1 (NRZ), the sinc function has nulls at f = [/7,,, [ # 0, which coincide with the locations of the
delta functions. Therefore, the PSD of a unipolar NRZ signal is

AT,
PNRZ(p) = ‘; ’ sinc2(T,f) [1+ 5T(f)] (4.20)
b

Fig. 4.4 shows the PSD of unipolar NRZ and RZ signals. The PSD has continuous and discrete components
corresponding to the first and second terms on the right-hand side of Eq. (4.19). For a RZ signal, the discrete
components are located at f = [/T,. However, the PSD of a unipolar NRZ signal has only a d.c. component
(f = 0). The origin of the discrete components can be understood as follows. The unipolar NRZ signal can
be imagined as a polar signal with constant bias. The PSD of this constant bias is the discrete component at
f = 0. In the case of unipolar RZ, it can be imagined as a polar signal added to a periodic pulse train. Since
the Fourier series expansion of the periodic pulse train leads to frequency components at the clock frequency
1/T,,, and its harmonics, the PSD has discrete components at these frequencies.

Pulf) ; Pl f) ]

-3B -2B -B 0 B 2B 3B " -3B -2B -B 0 B 2B 3B
(a) b)

Figure 4.4 Spectrum of a unipolar signal: (a) NRZ, and (b) RZ with 50% duty cycle. B = bit rate. The arrows indicate
delta functions.
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4.5 Digital Modulation Schemes
4.5.1 Amplitude-Shift Keying

A laser is an optical carrier whose amplitude and/or phase can be varied in accordance with a message signal
by means of an optical modulator. Let the laser output be (Fig. 4.5(a))

() = Acos Qxf.t + 0). 421

In Eq. (4.21), the amplitude A, frequency f,, and phase factor 6 are constants. When the amplitude A is varied
in accordance with a message signal m(¢) while keeping f. and 6 constant, the resulting scheme is known as
amplitude modulation. Suppose the amplitude is proportional to the message signal m(z),

A = k,m(D), (4.22)

where k, is amplitude sensitivity. Now, the carrier is said to be amplitude modulated. The modulated signal

can be written as
s(t) = k,m(t) cos 2xf.t + 0). (4.23)

When the message signal m(f) is a digital signal, such as shown in Fig. 4.5(b), the modulation scheme is
known as amplitude-shift keying (ASK) or on—off keying (OOK). In general, to transmit bit ‘1°, a sinusoid of
certain amplitude A, is sent and to transmit bit ‘0’, a sinusoid of amplitude A, is sent.

4.5.2  Phase-Shift Keying

When the phase 6 of the carrier is varied in accordance with the message signal m(f) while keeping the
amplitude A and frequency f, constant, the resulting scheme is known as phase modulation. Suppose the
phase is proportional to the message signal,

0(1) = k,m(2), (4.24)

c(t)

e AR RAAAARAAAARRRRRRAARAR)
AR RRRRA AL AARKRRRRARLR

m(t)

Message signal

s() o

Modulated signal

Figure 4.5 Modulation of the optical carrier by digital data: (a) carrier, (b) data, and (c) modulated signal.
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Figure 4.6 Phase and frequency modulation of an optical carrier. (a) Message signal, (b) Phase-shift keying, and
(c) Frequency-shift keying.
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where k, is called the phase sensitivity. Now, the optical carrier is said to be phase modulated. The modulated
signal can be written as

s(t) = Acos [2xf.t + kpm(t)]. (4.25)
For example,
-V forbit ‘1’
mr) = oo (4.26)
\% for bit ‘0’

where V =17/ (2k,). From Eq. (4.25), it follows that

Asin (2zf.r)  for bit ‘I’
sy = J Asin (k) - forbit“1 (4.27)
—Asin 2xf,t) for bit ‘0’

When the message mi(z) is a digital signal, such as shown in Fig. 4.6(a), the modulation scheme is known as
phase-shift keying (PSK) or binary phase-shift keying (BPSK). Fig. 4.6(b) shows the modulated signal when
the modulation scheme is PSK. Note that there is a 180 phase jump at the bit boundaries if the digital data
in the consecutive bit intervals are different. In general, PSK can be described as a scheme in which a bit ‘1’
is transmitted by sending a sinusoid of phase 6, and a bit ‘0’ is transmitted by sending a sinusoid of phase 6,.
Fig. 4.7 shows the schematic of PSK generation.

4.5.3 Frequency-Shift Keying

FSK can be described as a scheme in which a bit “1” is transmitted by sending a sinusoid of frequency f; and
a bit ‘0’ is transmitted by sending a sinusoid of frequency f,, as shown in Fig. 4.6(c). Let the message signal
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Message signal m(f) PSK signal
—— ™M |

i,

Carrier

Acos(2xf.t)

I

Figure 4.7 Generation of a PSK signal. PM = phase modulator.

be binary data of the form

for bit ‘1’
mpy=4 """ " (4.28)
m, for bit ‘0
The transmitted signal within a bit interval [0, T},] can be written as
s(r) = Acos [¢p(D)], (4.29)
where
2xfit  for bit ‘1’
o =142 o (4.30)
2xf,t  for bit ‘0

fi=tfe+tkm, i=1,2. (4.31)

k; is the frequency modulation index. Suppose the phase ¢(¢) in the bit interval [0, 7},] is 2xf; 7 and the phase
@(7) in the next interval is 2zf,t. Att =T, ¢(T),—) = 2xf,T), and ¢(T,+) = 2xf,T;,. This could cause phase
discontinuity at the bit boundaries, which is undesirable in some applications. One possible way of avoiding
phase discontinuities is to choose the frequencies such that the phase accumulated over a bit interval is an
integral multiple of 27,

Jo+kem; = Ti’ n is an integer,
b
/ . .
Jo + kemy = T [ is an integer. (4.32)
b
Under these conditions, the phase would be continuous throughout and such a scheme is known as continuous

phase frequency-shift keying (CPFSK). Note that the ASK signal has a constant frequency and the amplitude
is varying, whereas FSK is a constant-amplitude signal but the instantaneous frequency is changing with time.

4.5.4 Differential Phase-Shift Keying

When a PSK signal is transmitted, it requires a complex receiver architecture to detect the phase. This is
because the optical signal acquires a phase due to propagation, which fluctuates due to temperature, stress,
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NRZ data m(r)
exp(i2zf,t) Fiber link
A exp{i[2x f.t + k,m(t) + o]}
Laser tﬁ}' l > PM T > @ ‘ v
exp{il2zf.t + k,m(®)]} v

Coherent receiver

m(r) < DSP front end

A

A
expli2z f,1)]

A
Laser (LO) t}'f

Figure 4.8 Block diagram of a fiber-optic system based on PSK.

and other factors. Therefore, to estimate the transmitted phase, we need a reference at the receiver which
is provided by a laser known as a local oscillator (LO), whose phase is aligned with that of the received
optical carrier (see Chapters 5 and 11). The phase alignment is achieved by phase estimation in digital domain
using digital signal processing (DSP) techniques. This concept is illustrated in Fig. 4.8. The estimation of the
absolute phase of the optical carrier is difficult, and also the linewidth of the LO should be quite small to
avoid impairment due to laser phase noise. Instead of using the LO as a reference, the phase of the previous
bit can be taken as a reference for the current bit. In this case, the local oscillator is replaced by the previous
bit, which is obtained by delaying the current bit by the bit interval 7). This scheme works relatively well
under the assumption that the phase shift introduced due to propagation (€ in Fig. 4.8) is the same for both the
current bit and the previous bit. In other words, the phase shift due to propagation should not fluctuate within
a time period 7},. Under this condition, the previous bit could act as a reference to estimate the phase of the
current bit. This is known as differential phase detection. The data at the transmitter should be encoded so that
the phase of the current bit should be changed by O or z relative to the previous bit. In contrast, in the case
of PSK, a phase of 0 or 7 is encoded relative to the absolute phase of the optical carrier corresponding to the
current bit. Suppose the binary data to be transmitted is 010111. Let the message signal m(#) in the interval
[0,T,] be —1 V. This would serve as a reference for the next bit. To transmit the first bit ‘0’ of the binary
data 010111 in the interval [T}, 2T},], we introduce no phase shift relative to the previous bit. To transmit the
next bit ‘1’ of the binary data, we introduce a phase shift of z relative to the previous bit, i.e., if the previous
voltage level is —1V, the current voltage level will be +1 V and vice versa. Continuing this process, we obtain
the message signal shown in Table 4.1 and in Fig. 4.9. This type of coding is known as differential coding. In
summary, the transmission of bit ‘1’ is done by toggling from +1 V to —1 V or vice versa and the transmission
of bit ‘0’ is done by retaining the voltage of the previous bit. The above observation leads to a simple detection

Table 4.1 Differential coding.

Bit interval [T,.2T,] [2T,,3T,] [37,.4T,] [4T,,5T,] [5T,,6T,] [67,,7T,]
Binary data 0 1 0 1 1 1
Message signal m(t) -1V +1V +1V -1V +1V -1V
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+1V

m(t)

0 T, 2T, 3T, 4T, 5T, 67T, T,

-1v

Figure 4.9 The DPSK signal corresponding to the binary data of Table 4.1.

NRZ data (o) Phase DPSK signal
b(®)
modulator | Acos 2 £t + k,m()]

Delay 7), Acos(2r f.t)

Figure 4.10 Generation of a DPSK signal.

scheme: take a product of the current bit (after demodulation) with the previous bit. If the product is negative,
the transmitted data at the current bit is ‘1°. Otherwise, it is ‘0’.

The differential encoding can be realized using a XOR gate and a delay circuit as shown in Fig. 4.10. Let
us assign a voltage level of +1 V and —1 V to the logic levels of 1 and 0, respectively. Let m(t) be the encoded
message signal. If the incoming binary data b(f) to be transmitted is 0 and the previous message bit (of m(r))
is 0 (or —1 V), the current message bit will also be 0 since we introduce no phase shift relative to the previous
message bit. If the binary data b(¢) is 1 and the previous message bit is 0 (1), the current bit will be 1 (0) since
we need to introduce a z phase shift (or inversion of the amplitude) with respect to the previous message bit.

Thus, we have
m(t) = b(t) ® m(t — Tp,), (4.33)

where @ denotes the exclusive OR (XOR) operation. The truth table is shown in Table 4.2 and the waveforms
for the input data b(f) and the message signal m(t) are shown in Fig. 4.11.

Table 4.2 Truth table.

b(t) m(t—T,) m(r)
Logic level Voltage level (V) Logic level Voltage level (V) Logic level Voltage level (V)

-1
1
-1
1

-1
-1
1
1

—_—— O O
— o = O
S = = O

www.EngineeringEBooksPdf.com



Optical Modulators and Modulation Schemes 149

+1

b(1)

AT, 6T,

m(t—Tp)

~

m(t)

~

Figure 4.11 Input waveform b(r) and message waveform m(z).

Example 4.1

Consider the input data sequence
{b,} =01101110.

To proceed with the deferential encoding, add an extra bit to the encoder output. This extra bit may be chosen
arbitrarily to be 0. Determine the encoded message sequence m,,.

Solution:

Let the first bit of the sequence m, be 0 (or —1 V), which serves as the reference. To transmit the first bit
0 of {b,}, we introduce no phase shift relative to the reference voltage. Therefore, the voltage level of the
second bit of {m,,} is —1 V (or 0). To transmit the second bit 1 of {b,}, we introduce a z phase shift relative
to the reference voltage (the voltage corresponding to the second bit of {m,, }). Therefore, the voltage level
corresponding to the third bit of {m,,} is +1 V (or 1). Continuing this process, we find

{m,} = 001001011.

4.6 Optical Modulators

The simplest optical modulator we could think of is the switch of a flash light. Suppose we turn on a flash
light for 1 second and turn it off for 1 second. We generate digital data ‘1’ and ‘0’, respectively, as shown in
Fig. 4.12. In this example, the bit rate of the optical data generated from the flash light is 1 bit/s.

Optical modulation techniques can be divided into two types: (i) direct modulation of lasers and (ii) external
modulation of lasers.

4.6.1 Direct Modulation

The laser drive current can be modulated by a message signal, as shown in Fig. 4.13. For example, when the
message signal is bit ‘0’ (bit 1”), the laser is turned off (on) and, therefore, the information in the electrical
domain is encoded onto the optical domain. Directly modulated lasers (DMLs) have some major drawbacks.
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Figure 4.12 A simple optical modulator: the switch of a flash light.
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A > (@p=

11010 1

Power

Figure 4.13 Direct modulation of a laser.

First, the instantaneous frequency of the laser output changes with time. This frequency chirping is caused by
the refractive index changes of the active layer due to the carrier density modulation. The interaction of the
positive chirp of the laser with the anomalous dispersion of the transmission fiber leads to pulse broadening
(Example 2.18) and sets a limit on the maximum achievable transmission distance. However, the interac-
tion of the laser chirp with the normal dispersion of the fiber leads to pulse compression initially (Example
2.18). In fact, the error-free transmission distance can be increased using positively chirped lasers and nor-
mal dispersion transmission fibers [2]. However, the pulses broaden eventually (even in normal dispersion
fibers) and the laser chirp leads to transmission penalties for long-haul applications. Directly modulated lasers
are usually used for transmission systems operating at low bit rates (< 10 Gb/s) and for short-haul applica-
tion (<100km). The pulse distortion and frequency chirp prevent the use of directly modulated lasers for
high-bit-rate applications.

4.6.2 External Modulators

Fig. 4.14 shows the schematic of a transmitter using external modulators. Widely used external modulators
are: (i) the phase modulator, (ii) the Mach—Zehnder (MZ) interferometer modulator, and (iii) the electroab-
sorption (EA) modulator.
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Figure 4.14 A transmitter using an external modulator.

4.6.2.1 Phase Modulators

The phase modulation of an optical carrier can be achieved in a number of ways. When an electric field is
applied to an electro-optic crystal, the refractive index of the crystal changes and, therefore, the phase (o
refractive index) of an optical carrier propagating in the crystal also changes. The refractive index change is
directly proportional to the applied electric field intensity [3], [4]. This effect is known as the Pockels effect
or linear electro-optic effect.

Consider the light propagation in a LiNbO; crystal as shown in Fig. 4.15. Suppose E is the electric field
intensity due to the applied voltage and an optical wave is propagating along the x-axis with its direction of
polarization parallel to the z-axis. The dependence of the refractive index on the reflective field intensity is
given by [3], [4]

n=ny— %n8r33EZ (4.34)
where ny is the refractive index in the absence of the applied electric field, and r55 is a coefficient describing
the electro-optic effect. If V is the voltage applied across the crystal and d is the thickness of the crystal, the
z-component of the electric field intensity is

E =V/d. (4.35)

I z
Electrode QV

X

Optical input Optical joutput

>

| PP i P

=
-V V V X A 4

€ l L _’I LiNbOj; crystal
VAR ety

Electrode

Figure 4.15 Phase modulation of an optical signal in a LiINbO, crystal.
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Suppose the optical field of the incident optical wave is
w(t,0) = v, (1) = Ay exp (—i2xf.1). (4.36)

Using Eqgs. (1.95), (4.34), and (4.35), the optical wave emerging from the LiNbO; crystal is

Win(t, L) = Ag exp [—iQzf .t — $)], (4.37)
where 3
2 2rL nyr3V
=——nL=——|\ny- = ¢y — Ag. 4.

Here, ¢, is the constant phase shift in the absence of the applied electric voltage, L is the length of the crystal,

and
A ﬂLn8r33V 430
$= % (439

is the phase change. The required voltage to yield a phase change of 7 is known as the half-wave voltage or
switching voltage V., and is given by

lnlrysV, A
Ap=n=—""" or V= =0 d (4.40)
Substituting Eq. (4.40) in Eq. (4.37), we obtain
. zV
Wi, (r, L) = Ay exp [—l <27rfct — ¢+ V_>] . 4.41)

Thus, we see that the phase change is directly proportional to the applied voltage. If V() is a message signal,
the phase of the optical carrier can be varied in accordance with the message signal. For the example, if
V(t) = V,,inabitinterval 0 < t < T}, the carrier phase is shifted by z. If V(¢) = 0, no phase shift is introduced.
Thus, the PSK or DPSK signal can easily be generated using a phase modulator.

Example 4.2

An electro-optic modulator operating at 1530 nm has the following parameters:

Thickness d = 10 pm

Length L = 5cm

Index ny = 2.2

Pockel coefficient r3; = 30 pm/V

Calculate the voltage required to introduce a phase shift of z /2.

Solution:

From Eq. (4.39), we have
ApAryd

IL'LHS}’33
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With Ag = /2,
. x/2x1530%x 10 x 10x 107
T x5%1072 % (2.2)3 X (30 x 10-12)
=0.47V.

4.6.2.2 Dual-Drive Mach—-Zehnder Modulators (MZMs)

A MZM consists of two arms, as shown in Fig. 4.16. Voltages V| and V, are applied to the upper and lower
arms, respectively. The exact analysis of the field propagation in this structure requires knowledge of the
transverse field distributions. Instead, we follow an approximate approach in which the guided modes of the
waveguide are replaced by plane waves propagating in the direction of the x-axis. We ignore the losses in the
y-branches and arms. Let the electric field of the input optical beam be

Win = Ag exp (—i2zf,1), (4.42)

where f,. is the frequency of the optical carrier. The first y-branch splits the input wave into two optical beams
of equal power. Therefore, the electric field of the optical beam entering the upper (or lower) arm of the
interferometer is

A0 oxp (<i2af). (4.43)
V2

In Eq. (4.43), we have ignored a constant phase factor due to propagation in the y-branch. The factor 1/ \/5
is introduced so that the total power is conserved. From the law of reciprocity, it follows that if the input and
output of a y-branch are reversed, i.e., if the y-branch is used as a two-input/one-output device with inputs
being v,/ \/5 its output would be y;,, which is 1/ \/5 times the addition of its inputs. This fact will be used
later to find the output of the second y-branch.

The optical beams in the upper and lower arms undergo a phase shift of ¢»; and ¢,, respectively, in the
presence of applied voltages. Using Egs. (4.38) and (4.40), we have

2zL 1 .
¢ = AL (”0 - 5”(3)’33‘6(1)/61) , J=1,2
0
e
V. '

=g,

(4.44)

Vi

z
L; é—V Electrodes

A exp(—i2nf.t)

AOllt CXp(fiZTCfCI)

» Electrodes

Figure 4.16 A dual-drive MZM.
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The optical beams in the upper and lower arms are recombined via a second y-branch. The optical fields at
the inputs of the second y-branch are

A
W = 70_ exp [—iQ2af.t — )], j=1,2. (4.45)
2
The output of the second y-branch is N
v+
Wou = ——=. (4.46)
V2
Substituting Egs. (4.45) and (4.44) in Eq. (4.46), we find that the output of the MZM is [5], [6]
A exp (i exp (i
Wou = — exp (—ixf.t) pUd) | expda) | _ Ayt Xp (—izf.1), (4.47)
V2 V2 V2

where

Aow = Ay exp it + )21 2O = PIPIH SO TN = 0)2]

=Agexp [i(¢) + ¢y)/2] cos [(¢) — ¢,)/2]. (4.48)

From Eq. (4.48), we see that the power is conserved when ¢; = ¢,. When ¢; = ¢, + =, optical fields coming
from two branches of the second y-branch do not excite a guided mode in the output waveguide; instead,
radiation modes are excited which go out of the waveguide [3]. From Eq. (4.48), it appears that conservation
of power is not satisfied when ¢; # ¢,. But, if we take into account radiation modes, conservation of power
is always satisfied. Using Eq. (4.44) in Eq. (4.48), we obtain

- Vi) = V()| =
Agyt = Ag exp (i) cos LACRAFIIE : (4.49)
2V,
where G+ [Vi(0) + Vo(0)]
T 1 2 1 2D
= = -—_——, 4.
¢ 5 bo A (4.50)
The instantaneous frequency shift or frequency chirp is given by (Eq. (2.165))
i=——=—|—+—). 4.51
' dt 2Vﬂ<dt+dt 41
The output optical power is
AGERAZIOGIE]
Pout = |Aout|2 = POCOS2 { [ 1 2V : ] } ’ (452)

where Py = A(z). The frequency chirp combined with fiber dispersion could lead to pulse broadening (see
Example 2.18) and performance degradations. Therefore, it is desirable to have zero chirp. From Eq. (4.51),
we see that the chirp is zero if

dv,() _ —dV,(1)

dt dt

(4.53)

or
Vi) = =V, () + Viiges (4.54)
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where Vi, is a constant bias voltage. This driving condition is known as a balanced driving or push—pull
operation. Let V,(f) be the message signal m(f). Using Eq. (4.54) in Eqgs. (4.48) and (4.52) and ignoring
constant phase shift, we obtain

Ay = Ag cos { [m(t) - @] Vi } , (4.55)

2
Vi
P, = Pycos> { [m(t) - —"2““] Vl } . (4.56)
b/

Let us consider two cases: (i) V;;,s = V. /2 and (ii) Vi, = V-
Case (1) Vyiue = V,/2. Let

mr r«
Ay =Aqcos [ V. - Z]

=—1coS| —— ) +sin
V2 Ve

m(t)m
<_Vﬂ )] | 4.57)

When m(t) <V, /x,

cos [M] ~ 1 and sin[ (t)ﬂ] o mn)z (4.58)
Vﬂ' V3 Vﬂ'
Therefore, we have
A
Vo = 705 [1 + m(’)”] exp (=i27f.0). (4.59)

The above equation corresponds to an amplitude modulated (AM) wave used in commercial AM broadcasting.
Thus, in the small signal limit and with V,;,. = V /2, the MZ modulator acts as an AM modulator.
Case (ii) V), = V.. Now, Eq. (4.55) becomes

(4.60)

Agy = Ay sin [m(t)”] .

T

When m(t)z/V, < 1,

V

T

<A0”> )
Wour = m(t) exp (—i2zf,1). (4.61)

Now, the MZM acts as a product modulator which multiplies the message signal and optical carrier. The above
equation also corresponds to a form of AM modulation known as double sideband with suppressed carrier
(DSB-SC). The output power in the small-signal limit is

27[2
P, = %mz(t). (4.62)

b
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D.c. Extinction Ratio

So far we have assumed equal power splitting between two arms of the interferometers. In practice, the power
splitting may not be exactly 50 : 50 due to temperature or stress fluctuations. In general, the optical field
distribution entering the arm j is

Apa;exp (=i2zf 1), j=1,2, (4.63)
with a7 + a5 = 1. Now, Eq. (4.47) is modified as

_ Agexp (—i2xf.1)

ot = W[al exp (i) + a, exp (ih,)] (4.64)
and the output optical power is
out — L[az + 0{2 + 20{1 0(2 Ccos (¢1 - ¢2)]. (4'65)
(@ +a)? ' 2

When ¢, — ¢, = 0, the interference is constructive and the output is maximum:

P = p. (4.66)

out

When ¢, — ¢, = =, the interference is destructive and the output is minimum:

: Po(a; — ay)?
L e (4.67)
() + ay)?
The d.c. extinction ratio is defined as the ratio of maximum to minimum power:
pmax a +a 2
5= = <¥> : (4.68)
P -
In dB units, it may be expressed as
6(dB) = 101og,(6. (4.69)

Intheideal case, a; = a, = 1 /\/E and 6 is infinite. For ASK, itis desirable to have zero power for bit ‘0’. How-

ever, because of the power-splitting imperfections, the minimum power is not zero and, as a result, the distance

between constellation points becomes smaller, which leads to performance degradations (see Chapter 8).
Eq. (4.68) can be written in a different form [5], [6],

V-1

- (4.70)

Ve+1

where r = a,/a;. Eq. (4.54) provides the biasing condition to obtain zero chirp. However, Eq. (4.54) is
obtained for the ideal case of infinite d.c. extinction ratio. For the case of finite extinction ratio, there will
be residual chirp even when the zero-chirp biasing condition given by Eq. (4.54) is used, which degrades the
performance [5].
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4.6.2.3 Electroabsorption Modulator (EAM)

Electroabsorption refers to the dependence of the absorption coefficient of a semiconductor on the applied
electric field. The band gap of a semiconductor decreases as the applied field increases. Consider an optical
carrier with frequency f, < E /h, where E, is the band gap in the absence of the applied electric field. Let
the driving voltage V(¢) vary from O to V, volts, as shown in Fig. 4.17. When V(f) = 0, the photon energy
is less than the band gap and the optical carrier is not absorbed. When V(¢) = V), the band gap decreases.
Now the photon energy could be larger than the band gap and the optical carrier is absorbed, which generates
electron—hole pairs. Thus, the information in the electrical domain is translated into the optical domain.
Fig. 4.18 shows the typical dependence of the absorption coefficient on the wavelength. Suppose the carrier
wavelength is 4. Let a and ; be the absorption coefficients at V(f) = 0 and V(¢) = V), respectively. If L is
the length of the modulator, the optical power exiting the modulator is

P =P —apL hen V() =0
Pout={ max Oexp( X ) when V(7) “.71)

P, = Popexp(—a;L) when V() =V,

V(o) s
Light signal EA !
modulator

Q
o
9)

1 =3 M

= 5}

T 5

Figure 4.17 Amplitude modulation using an EAM.

Absorption coefficient

A

Wavelength,

Figure 4.18 Typical dependence of absorption coefficient on wavelength.
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where P is the input power; the extinction ratio is

Prax _ &Xp (=aoL)
P

S = (4.72)

min eXp (_alL).
To obtain the optimum performance, a high extinction ratio is desirable. To achieve this, typically InP-based
semiconductors are used for 1300-nm or 1550-nm applications.

The absorption coefficient can be changed significantly by applying a relatively lower driving voltage.
Therefore, the EAMs are very effective and the size could be quite small. The length of EAMs is typically
200 mm, whereas that of electro-optic modulators is a few centimeters. EAMs can easily be integrated with
the laser diode, since both are based on similar semiconductor materials. The drawbacks of EAMs are as
follows. (i) They have residual chirps similar to directly modulated lasers. The interaction of the chirp and
fiber dispersion could lead to enhanced pulse broadening. (ii) The extinction ratio is typically < 10 dB, which
could lead to a power penalty [8].

4.7 Optical Realization of Modulation Schemes

4.7.1 Amplitude-Shift Keying

The optical ASK signal can be generated using a MZM, as shown in Fig. 4.19. The optical power of the MZM
output may be written as (Eq. (4.56))

mt)zw Vg
Pout = POCOS2 [ sz - 2;1 ] : 4.73)
Let the message signal be a polar NRZ,
+V  forbit ‘1’
m(t) = oo (4.74)
-V for bit ‘0’
A
E‘J NRZ data 5 ‘}
Sli1010 1 o101

HEER
NN

f/‘}. ASK signal

MZM

4

Y
\4

Field

Figure 4.19 Generation of ASK signal using a MZM.
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The desired Mach—Zehnder output power is

P, forbit ‘I’
P = ) 475
out { 0 for bit ‘0’ (4.75)

For bit ‘1°, substituting Eq. (4.74) in Eq. (4.73) and using Eq. (4.75), we obtain

Pycos® mOx _ VoiasT | _ Py,
v, v,
V .
TE -k r, =02, (4.76)

Similarly, for bit ‘0’,

POCOSZ [m(t)” _ Vbiasﬂ] =0,

v, 2V,
— Viias
Vr _ Doi® _lx a3 4.77)
V, 2V, 2
Subtracting Eq. (4.77) from Eq. (4.76), we find
V-(' l)Vn (4.78)
VT2 ‘
Addition of Egs. (4.76) and (4.77) leads to
.1
Viias = — (J + 5) Ve (4.79)
If we choose j =0 and [ = —1, we find
V= Ve (4.80)
=1 .
Vﬂ'
Vbias == 7 (481)

Thus, the polar NRZ in an electrical domain becomes a unipolar NRZ in an optical domain, as shown in
Fig. 4.19. The process of modulation can be visualized using Fig. 4.20. When V = V_ /4 corresponding to
bit ‘1°, constructive interference occurs and the MZM power transmission is at its peak. When V = -V /4,
destructive interference occurs and the MZM power output is zero. There are two approaches for the gen-
eration of RZ-ASK. The first approach is to apply the message signal, which is a polar RZ, as shown in
Fig. 4.21(a). The output of the MZ modulator will be a RZ-ASK signal. However, the achievable bit rate is
limited to 10 Gb/s using this approach [8]. The second approach is to introduce a RZ pulse carver in series
with a MZ modulator, as shown in Fig. 4.21(b). The pulse carvers can be realized by driving the MZ mod-
ulator with a sinusoidal electrical signal [8]. The advantage of the second approach is that higher bit rates
(>40 Gb/s) can be realized.
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Figure 4.20 Power transmission function of the MZM. V,, =V _/2.
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Figure 4.21 Generation of RZ-ASK. (a) Using RZ signal in electrical domain. (b) Using RZ pulse carver in optical
domain.

4.7.2  Phase-Shift Keying
The optical field envelope of the MZM output can be written as (Eq. (4.55))

m(f)x Vbias”:|

V pA%

T T

Ay = A cos [ (4.82)
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Let the message signal be a polar NRZ given by Eq. (4.74). The desired field envelope of the Mach—Zehnder

output is

+A, forbit ‘1’
Agut = A forbit 0"
—A, forbit ‘0

For bit ‘1°, substituting Eq. (4.74) in Eq. (4.82) and using Eq. (4.83), we obtain

Viia @
A0COS E_& ZAO’
V. 2V,
Vr Vbias7r . .
— - ———=2jz, j=0,x1,42, ...
T

Similarly, for bit ‘0’, we have

-V Vbias’r
A cos S5y | T 4%
v, 2V,
Viias ™
_ﬁ_ bias =Ql+ Dx, [=0,+1,+2, ...
V, 2V,

Simplifying Eqgs. (4.84) and (4.85), we obtain
2G-D—-1]V,
Ve —
2
Vbias = —[2(] + l) + 1]‘/”

(4.83)

(4.84)

(4.85)

(4.86)

If we choose j=0and [ =—1, V=1V_/2 and V;,, = V,. Fig. 4.22 shows a schematic of the PSK signal
generation. Fig. 4.23 shows the MZM field transmission as a function of message signal m(f). When the
message signal m(r) = +V /2, the field transmission is maximum and when m(7) = —V_ /2, it is minimum.
Note that the field envelope is negative (x phase) for bit ‘0’ and positive (0 phase) for bit ‘1°. However, the
power, which is the absolute square of the field, remains constant throughout. The PSK with NRZ rectangular

NRZ data

+v m(t)
=
Power

~
=

PSK signal
A
A
t S e

Laser MZM

< Field

Phase reversal

Figure 4.22 Generation of optical PSK signal.
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Figure 4.23 MZM field transmission. V,;, =V _.

Table 4.3 Voltage levels of the message signal.

Binary data 1 0 1 1 1
m(t) V./2 -V./2 V./2 V./2 V./2
Optical phase 0 T 0 0 0

pulses is a constant power signal and there is a reversal of phase at the bit boundaries when the data changes
from ‘0’ to ‘1’ and vice versa. RZ-PSK can be generated using a RZ pulse carver in series with a MZM,
similar to RZ-ASK.

PSK can also be generated using a phase modulator. When the message signal corresponds to bit ‘1°, the
phase modulator provides no phase change and when it corresponds to bit ‘0’, the phase modulator changes
the carrier phase by x (see Table 4.3). However, the performance characteristics of a phase-modulator-based
PSK are worse than those of a MZM-based PSK [9]. This is because, in the case of the MZM, imperfections
in driving conditions are translated into optical power variations, but the information-bearing optical phase
is intact, whereas when a phase modulator is used, waveform imperfections distort the optical phase as well,
which degrades the performance [9].

4.7.3 Differential Phase-Shift Keying

The DPSK signal generation is analogous to PSK generation except for a precoder which provides differential
coding as discussed in Section 4.5.4. The differentially encoded signal m(t) is used to drive a PM or a MZM
as shown in Fig. 4.24.
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Figure 4.24 Optical DPSK signal generation.

4.7.4  Frequency-Shift Keying

In complex notation, the FSK signal in a bit interval [0, T,] can be written as (Eq. (4.29))

s(t) = Aexp {i[2a(f,t + kym ()]}, (4.87)
where
, for bit ‘1’
w(py= 4 ™t forbit"l™ (4.88)
myt  for bit ‘0’

Suppose the message signal m(¢) is a polar NRZ signal with m; = +1V and m, = —1 V. The signal m' (1) can
be obtained by integrating m(¢) within a bit interval [0, 7] and resetting it to zero at the end of the bit interval.
The signal m' (1) is used to drive the phase modulator, as shown in Fig. 4.25.

4.8 Partial Response Signals*

If the symbols in the adjacent bit slots interfere, this leads to degradation in transmission performance. How-
ever, if we introduce a controlled amount of ISI, it is possible to correct for it at the receiver since the amount
of ISI introduced is known. Suppose we add the kth bit and the (k — 1)th bit, so that a known amount of ISI
is introduced. This can be accomplished by a delay-and-add filter as shown in Fig. 4.26. The delay-and-add
filter adds the signal u;,(f) and the delayed version of u;,(f),

Uoy (1) = Ui (1) + 1, (= T}). (4.89)
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Figure 4.25 Optical FSK signal generation.

uin(t)

Uou (D)

Delay

Figure 4.26 A duobinary encoder using delay-and-add filter.

If the voltage levels in the (k — 1)th bit slot and the kth bit slot of u;,(f) are both +1V (or —1 V), this leads
to a voltage level of 42V (or —2V) in the kth bit slot of u, (7). If the voltage level in the (k — 1)th bit slot
is of opposite polarity to that in the kth bit slot, this leads to a voltage level of OV in the kth bit slot of
Uy, (2). Thus, a two-level voltage waveform is translated into a three-level waveform, as shown in Fig. 4.27.
This scheme is called duobinary encoding. The above observation leads to the following decision rule: if
the voltage at the sample instant is positive, the present and previous bits are both ‘1’s. If the voltage at the
sample instant is negative, the present and previous bits are both ‘0’s. If the voltage is zero, the present bit is
a complement of the previous bit. In this case, knowledge of the decision on the logic level of the previous bit
is required to determine the current bit. The superposition of the (k — 1)th bit and the kth bit leads to a known
amount of ISI only at the sampling instant 7},. This scheme of introducing a known amount of ISI is called
correlative coding. This is because there is a correlation between values of u,,(¢) between two successive bit
intervals. This scheme is also referred to as a partial response scheme [10]. One of the disadvantages of the
scheme shown in Fig. 4.26 is that the decision on the current bit at the receiver requires knowledge of the
decision on the previous bit. This implies that if the decision on the previous bit is wrong, the decision on
the current bit is also wrong, leading to error propagation. However, if we use the differential coding discussed
in Section 4.5.4, error propagation can be prevented. Suppose the binary data to be transmitted at the kth bit
slot is “1°. If differential coding is used, the current bit (kth bit slot) will have a phase shift of z relative to
the previous bit, i.e., if the voltage level of the previous bit is +1V, the voltage level of the current bit will
be —1 V. Superposition of these two bits leads to a sample value of O V at k7. Similarly, if the binary data to
be transmitted is 0, the voltage level of the current bit has a zero phase shift relative to the previous bit, i.e.,
the voltage level in the current and the previous bit slots is identical. In this case, the superposition of bits
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Figure 4.27 Duobinary encoding. The data in the interval =7, < ¢ < 0 of u, () is assumed to be ‘0’ (=1 V).
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Delay

Delay T,

Y

Y
o

Figure 4.28 Duobinary encoder.

leads to a sample value of +2 V at kT),. This significantly simplifies the decision rule: if the absolute sample
value is < 1V, ‘1’ is transmitted. Otherwise, ‘0’ is transmitted. Fig. 4.28 shows the realization of a duobinary
encoder and Fig. 4.29 an example of duobinary encoding.

We can introduce a known amount of ISI such that a pulse in the Oth bit slot interferes only with a pulse in
the first bit slot and does not interfere with pulses in other bit slots at sampling instants ¢ = n7),, where n is
an integer. Such a pulse can be described by

1 n=0,1
T.) = ’ . 4.90
p@nT,) {0 otherwise ( )

An example of a pulse satisfying the requirement of Eq. (4.90) is a Nyquist pulse [1], [7],

() = sin (zBt)

~ zBi(1 - Bt)’ “@.91)
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Figure 4.29 Duobinary encoding.
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Figure 4.30 A duobinary pulse in the Oth bit slot interacts only with a pulse in the first slot at t = 7,,. At any other
sampling instants, p(#) = 0.

and is shown in Fig. 4.30. The pulse p(¢) is used to transmit a ‘1’ and —p(¢) is used to transmit a ‘0’. As can
be seen from Fig. 4.30, pulses p(f) and p(t — T},) do not interfere at any sampling instants except at t = T},.
Although pulses interfere at other times, this does not lead to performance degradations since the decisions
are made based on the sample values at ¢ = nT),. The duobinary signal may be written as

mt) =Y b,p(t—nTp), (4.92)

n=-—0o
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Figure 4.31 Input waveform b(f) and duobinary waveform m(f). The data in the interval —7, <t < 0 is assumed to
be ‘1°.

where b, is the differentially encoded message data. Using Eq. (4.90), we find
m(t) =b,+b,_, at nT. (4.93)

Superposition of pulses p(¢) and p(t — T},) leads to a sample value of 2 at T},. If both the pulses are —p(#) and
—p(t — T,), the sample value would be —2 at T}, and if the pulses are p(t) and —p(t — T},), the sample value
would be zero, as illustrated in Fig. 4.31. The Fourier transform of the pulse described by Eq. (4.91) is (see

Example 4.7)
p(f) = %cos (%) rect (g) exp <—i%c> . (4.94)

From Fig. 4.32, we see that the bandwidth of the pulse is B/2 Hz. In contrast, the bandwidth of NRZ-OOK
or RZ-OOK is > BHz. Eq. (4.94) can be rewritten as

pf) = %[1 + exp (2zf Ty,)Irect (f / B). (4.95)

The factor exp (i2zfT,) corresponds to a time delay of 7}, and, therefore, the pulse p(f) can be generated by
cascading a delay-and-add filter and an ideal Nyquist filter with the transfer function

) = {1 for If| <B/2 w6)

0 otherwise

1(HI

(H
ZBi 0 s

Figure 4.32 Spectrum of the duobinary pulse.
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Figure 4.33 Duobinary pulse generation.

as shown in Fig. 4.33. Using Eq. (4.96), Eq. (4.95) can be written as

P = £ 11+ exp @A/ TN 4.97)

If an impulse is applied to the filter with the transfer function p(f), the output is a duobinary pulse p(?) (see
Fig. 4.33). This is because the output x,(¢) and input x;,(#) of Fig. 4.33 are related by

Xou () = Xin(HP(). (4.98)

For an impulse, X;,(f) = 1. Therefore, we have

Xout (D) = p(2). (4.99)

Fig. 4.34 shows the duobinary encoding scheme using the pulse shown in Fig. 4.33. The impulse generator
generates a positive impulse if the input is +1V and it generates a negative impulse if the input is —1 V.
The delay-and-add filter in conjunction with a Nyquist filter generates the corresponding duobinary pulses.
Optical generation of partial response formats based on duobinary pulses is discussed in Ref. [8]. Fig. 4.35
shows the schematic of optical duobinary generation. The duobinary encoder shown in Fig. 4.35 could be
realized using either a delay-and-add filter (Fig. 4.26) or a delay-and-add filter in conjunction with a Nyquist

Delay-and-add filter

Differentially encoded ———— —
NRZ data = Impulse | = : .
b(D) "] generator (1) : g | Duobinary data
| |
Hy(f) ——>>»

: Y | h(r) N m(o)
| |
| Delay |
I T, |
| |
e e e e e J

Figure 4.34 Duobinary encoder.
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Figure 4.35 Optical duobinary signal generation.

filter (Fig. 4.34). After the duobinary encoder, the message signal m(f) is used to drive the MZM. When
Viias = V» the MZM output is given by Eq. (4.60),

m(’)”] , (4.100)

Ay = Apsin [ v
Ay when m(t)=V_/2

out =93 —A4¢ when m(t)=-V_/2. (4.101)
0 when m(t) =0

A

Thus, a three-level electrical signal is converted to an optical signal with three levels in an optical field enve-
lope, as shown in Fig. 4.36. The optical power of the MZM is

. _{|A0|2 when m(n) = £V, /2. (4.102)

Yo when m(t) =0

Therefore, three voltage levels are translated into two power levels.

4.8.1 Alternate Mark Inversion

As discussed in Section 4.2, pulses representing two consecutive, ‘1’s would have opposite signs no matter
how many ‘0’s are between these ‘1’s. For example, the voltage levels of the AMI signal corresponding to
a bit sequence b, = {100110001} are {A00 — AAO00 — A}, where A is the amplitude. To generate an AMI
signal, let us first consider the differential coding of the bit sequence b,. The voltage levels of the differentially
encoded data b' (1) are given by {—1111 — 11111 — 1}, as shown in Fig. 4.37. From the figure, we observe
that the occurrence of bit ‘1° of b(f) leads to a voltage transition from —1V to 1 V of b/(t); the occurrence of
the next bit ‘1’ leads to a voltage transition from 1V to —1V, no matter how many ‘0’ bits are between the
‘I’s. If we delay the differentially encoded data by T}, and subtract it from the current bit, the resulting signal
will have the desired properties of an AMI signal. The AMI signal is given by

m(t) = b' (1) = b/ (t = Tp). (4.103)
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Figure 4.36 Electrical/optical waveforms at various stages of optical duobinary signal generation.
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Figure 4.37 Waveforms of the input signal b(r), the differentially encoded signal b (¢), and the AMI signal m(z).

If the voltage levels of the previous bit and the current bit of 2’ () are —1 V and 1 V, respectively (corresponding
to the bit ‘1’ of b,)), delay and subtraction leads to +2 V. If the voltage levels of the previous bit and the
current bit are +1V and —1V, respectively, the delay-and-subtract circuit gives —2 V. Since a bit ‘1’ of b,
corresponds to a voltage change from —1 Vto 1 V (or 1 V to —1V) and the next ‘1’ of b, corresponds to a
voltage change from 1V to —1V (or —1 V to 1 V), this ensures that alternate marks (‘1’s) are inverted. If the
voltage levels of the adjacent bits are both +1 V (or —1 V) corresponding to ‘0’ of the original bit sequence b,,,
the delay-and-subtract circuit output is 0 V. Fig. 4.38 shows an optical realization of an AMI using MZMs.
Biasing of a MZM is the same as in the duobinary case. Alternatively, an AMI can be generated using a
delay-and-subtract operation in an optical domain [8]. This can be achieved using a MZ delay interferometer
(DI), as shown in Fig. 4.39. A phase shift of 7 is introduced to one of the arms of the DI and a delay 7 is also
introduced. Therefore, the output optical field envelope can be written as (see Section 4.6.2.2)

Uy (1) = %[uin(t) — (1 — 7)]. (4.104)

Differential coding

Polar NRZ data \ Delay-and-subtract filter
b(t) >
b L |m = b0 b~ Tp)
Y z
Delay T;, i -
elay
Ty
A 4 A
t
t}'f}. N ouf
Laser MZM

Figure 4.38 Generation of optical AMI signal.

www.EngineeringEBooksPdf.com



172 Fiber Optic Communications

uin(t)

2

1
ou (t) = [uin(t) - uin(t - 17)]
1, (0) Yout 2

Phase
shift Delay

Ui (1) 4 —ujp (1) —uy(t = 7)

p p Np

Figure 4.39 Mach-Zehner DI to perform delay-and-subtract operation.
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Figure 4.40 AMI signal generation using a Mach—Zehnder DI.

Thus, the DI acts as a delay-and-subtract circuit. When 7 = T, the AMI signals generated using the schemes
shown in Figs. 4.38 and 4.40 are similar, and both techniques generate a NRZ-AMI signal in an optical
domain. By varying 7, the RZ-AMI signals of different duty cycles can be generated [8]. Therefore, there is
no need for an active RZ pulse-carving modulator. This is clearly an advantage of the optical realization of the
delay-and-subtract operation. Although AMIs are used in non-optical communication systems to enable the
use of a.c. coupling during transmission, this format is beneficial in optical communication systems as well.
Because of the phase transitions, intrachannel four-wave mixing (IFWM)(see Chapter 10) can be suppressed
using a RZ-AMI signal [11].

4.9 Multi-Level Signaling*

So far we have assumed that the message signal is binary data with two levels represented by the symbols ‘0’
and ‘1’. Instead, the message signal could consist of multiple levels. For example, we could have four levels
with voltages =3V, —1V, 1V, and 3 V. These four levels can be represented by four symbols, ‘00°, ‘01°,
‘10’, and ‘11°. We may do the following mapping: =3V — ‘00’, -1V — ‘01", IV - ‘11", and 3V — ‘10’.
These four symbols could correspond not only to four amplitude levels (4-ASK), but also to four phase levels
(4-PSK), or a combination of amplitude and phase levels (4-QAM). In this section, we discuss the following
multi-level formats: (i) M-ASK, (ii) M-PSK, and (iii) quadrature amplitude modulation (QAM).

4.9.1 M-ASK

Here M stands for the number of symbols or levels. The simplest example we could think of is the switch of a
flash light with two levels of brightness and an off button. In total, there are three power (or amplitude) levels
corresponding to 3-ASK.
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When M = 4, the four symbols can be represented by four amplitude levels +£3A, +A. The smallest sep-
aration between any two amplitude levels is 2A, to ensure equal noise immunity. Fig. 4.41 shows the four
symbols of 4-ASK. When M = 8, we need three binary digits or bits to represent eight symbols: ‘000’, ‘001°,
..., ‘111" and eight amplitude levels: +7A, +5A, +3A, and +A. The M-ASK signal in an interval 0 < ¢ < T}
may be written as

si(1) = my(t) cos (2xf,1), (4.105)

where
mj(t) = ajp(t). (4.106)

Here p(1) represents the pulse shape in a symbol interval and g, is a random variable that takes values [—(M —
DA, —(M - 3)A, ... ,—3A,-A,A,3A, ... ,(M — 1)A] with equal probability. Suppose the symbol interval is
T, corresponding to a symbol rate of B, = 1/T,. M symbols convey information of log, M bits. For example,
when M = 8, we have three bits of information encoded in a single symbol interval, i.e., if we were to use
binary ASK (BASK), we would need three bit slots within a symbol interval to convey the same amount of
information. Therefore, if we transmit B; symbols per second, it is equivalent to transmitting Blog, M bits/s,

B = B,log,M, (4.107)

where B is the bit rate of an equivalent binary ASK signal. Equivalently, the data rate is enhanced by a factor of
log,M compared with a binary ASK using the same symbol interval (= bit interval for BASK). For example,
if M = 4, we have log,M = 2 bits to represent all the four levels. Fig. 4.42(a) shows the waveform of a 4-ASK
signal at a symbol rate of 10 GSym/s or 10 GBaud, with each symbol chosen out of the symbol set shown in
Fig. 4.41. This is equivalent to transmitting a BASK signal at a bit rate of 20 Gb/s as shown in Fig. 4.42(b).
Note that the symbol interval in Fig. 4.42(b) is half of that in Fig. 4.42(a). Typically, the bandwidth required
to transmit a NRZ-BASK signal at a bit rate of Bbits/s on a fiber channel is around 2B Hz. If we were to
transmit the same amount of information by NRZ-MASK, the symbol interval 7 is Tzlog,M where T is
the bit interval and the required bandwidth to transmit NRZ-MASK would be 2B, = 2B /log,M. Thus, the
bandwidth reduces by a factor of log,M. This reduction in bandwidth comes at the price of reduced power
efficiency, i.e., the average transmitter power required to achieve the given performance increases as M? (see
Example 4.3). This can be explained as follows: the symbol error rate is determined by the separation between

‘00 ‘or ‘ar ‘10
H 3A T

Carrier

Field envelope

£

-3A -A 0 A 3A

Figure 4.41 (a) Amplitude levels of 4-ASK. (b) Constellation diagram.
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10 11 00 10 10 10 01

A
B (L T
4‘TS|'— I =T, = t

-3A

() (b)

Figure4.42 4-ASK and BASK signal for 20 Gb/s transmission: (a) 4-ASK with 7, = 100 ps, (b) BASK with 7, = 50 ps.

constellation points of Fig. 4.41(b). The larger the separation, the less is the chance of mistaking one symbol
for another. If we fix the average power and the information rate of MASK to be the same as those of BASK,
then the constellation points come closer and, therefore, the error rate increases. Equivalently, for a given error
rate, the separation between constellation points for MASK should be the same as for BASK and then the
spread of the amplitude levels would range from —(M + 1)A to (M + 1)A, whereas the corresponding range
is from —A to A for BASK. Therefore, the average power of MASK (M > 2) increases relative to BASK. The
trade-off between bandwidth and power efficiency is a common feature of all multi-level modulation formats.

4.9.2 M-PSK

When M = 2, we have a binary PSK or BPSK signal with two phase levels O or z, as shown in Fig. 4.43. See
also Fig. 4.44. When M = 4, the signal is called quadriphase-shift keying (QPSK). The phase of the carrier
takes on one of four values, 0, z/2, =, and 37 /2, as shown in Fig. 4.45. See also Fig. 4.46. In general, the

o ‘0
Acos (2zf.1) —Acos (2xf.1)
A A
t=0 t t=0 t
_A -A
72 72
r 0 z 0
372 37/2

Figure 4.43 BPSK symbols ‘1’ and ‘0’.
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/2

T

3n/2

Figure 4.44 BPSK constellation diagram.

‘00° ‘or ‘ar

Q0

il

>

OGRS

Figure 4.45 QPSK symbols.

NI

10

Figure 4.46 Constellation diagram of QPSK.

M-PSK signal in an interval kT, < ¢t < (k + 1)T, may be written as
5;(1) = Ap(t) cos [2xf .t + k,m;(t) + 6],

where 2= 1)
7y — .
kpm/(t)zT’ ]=1,2, ,M

and 6, is a phase constant.
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—> «— t 7
Ts Thl(_ 1

(a) (b)

Figure 4.47 Time diagrams for (a) QPSK and (b) BPSK signals. 7, = 100 ps and 7, = 50 ps.

Fig. 4.47(a) shows the waveform of QPSK at a symbol rate of 10 GSym/s. This is equivalent to transmitting

a BPSK signal at a bit rate of 20 Gb/s, as shown in Fig. 4.47(b). In a symbol interval kT, <t < (k + 1)T, any

one of the messages m;(¢) is sent. Using the formula cos (A + B) = cos A cos B — sinAsin B, Eq. (4.108) can
be rewritten as

si(t) = Almy (1) cos 2xf1) + my (1) sin 2xf,1)] (4.110)

where

my(t) = p(t) cos [kpmj(t) +6ol,
m(1) = —p(t) sin [k,m;(1) + 6]. (4.111)

my(7) and mg(7) can be imagined as two message signals modulating an in-phase carrier, cos (2zf.f) and a
quadrature carrier, sin (2zf,1), respectively. See Table 4.4 and Fig. 4.48. m, (1) and m(7) are called the in-phase
and quadrature components of the message signal, respectively. m;(¢) cos (2zf.t + 6,) and m () sin 2zf,t +
0,) can be thought of as two amplitude-modulated waves on orthogonal carriers with a constraint that [m?(t) +

m2Q(t)]/p2(t) = 1. For example, when M = 4, let us choose 6, = x /4. If k,m(1) = 0, m,(t) = p(t)/\/EZ) and

my(t) = —p(t)/\/(2). If k,m(t) = z/2, my(t) = —p()/1/(2) and m (1) = —p(#)/1/(2). For all the symbols of
QPSK, it can be verified that m; () = =p(t)/ \/EZ) and m (1) = +p(t) / \/EZ) (see Table 4.4). Thus, a QPSK
signal can be generated using two polar NRZ data streams. The optical realization of QPSK can be achieved
using a phase modulator, as shown in Fig. 4.49. However, a multi-level driving signal m;(7) is required, which
degrades the system performance due to higher eye spreading when overlapping binary electrical signals with
multi-level signals [12]. An alternative is to use the optical IQ modulator shown in Fig. 4.50, which is the
optical analog of the scheme shown in Fig. 4.48 [12—14]. The output of the laser passes through the pulse
carver and its output is split into two equal parts using a 3-dB coupler. The upper arm is known as the in-phase
(D arm and the lower arm is known as the quadrature (Q) arm. In the I-arm, the optical signal amplitude is
modulated using a MZM. In the Q-arm, the optical signal is first phase-shifted by —z /2 and then its amplitude
is modulated using a MZM. The d.c. bias of the MZMs is the same as used for a BPSK (see Section 4.7.2 and

Table 4.4 In-phase and quadrature amplitudes.

ke, m(t) 0 /2 3r/2

e 1/v2 -1/V2 -1/V2 V2

p(0)

o -1/V2 -1/V2 /2 V2
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NRZ data, m/(1) «@
AI—I my(t)cos(2nf,1)
&G

_A| L

(%)

N

é") cos@nfeh) J, QPSK signal
(+)y—

—t/2 A mft)cos2m f.1) + mQ(t)sin(Zr: §2)

NRZ data, mQ(t)

A /}\ sin(2mf.1)
A
HEEN >
H->— &)

mQ(t)sin(2n f.)

Figure 4.48 Generation of QPSK signal using two BPSK signals.

Electrical message signal
my(1) {B

Acos(2nf.1) Ap(t)cos(2nf, 1)

Ap(t)cos[2mf,t + k,m(1)]

>

Pulse Optical
carver phase modulator

Y

Laser

Figure 4.49 Optical QPSK generation using a phase modulator.

Ap(t)c:os(Zn f.OR2 : Ap(my(t)cos Qaf.nR2

Acos (2zf.) Ap(H)cos 2rf.f)

tﬁ}'}' i > A i 3-dB coupler

Laser Pulse carver

QPSK signal
3-dB coupler ——>

D

________ 1 womgwsinarion
}0010 Optical 1Q modulator

I

I

I
L
.

|

I

|

Figure 4.50 Optical QPSK generation using two MZMs.
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QPSK signal 8-PSK signal

PM

\4

NRZ data stream

Figure 4.51 Generation of an 8-PSK signal.

Fig. 4.22). The optical signal is recombined using a 3-dB coupler to obtain the QPSK signal. The advantage
of this scheme is that both m,(¢) and mQ(t) are binary NRZ data streams. An 8-PSK signal can be obtained
from a QPSK signal after passing through a phase modulator which changes the phase of the QPSK signal
by 7z /4 or 0 depending on whether the electrical driving signal is V. /4 or zero, respectively (see Fig. 4.51).
This is because an 8-PSK signal is nothing but a phase-modulated QPSK signal. To see that, let us rewrite
Eq. (4.108) in the complex notation

sj."PSK(t)=Ap(z)exp{i [27rfct+(j— 1)%”] +90}, i=1,2,....8

FERT 1=1,2,3,4
= Ap(t) exp {i [erfct+ Tﬂ + Zﬂ] +00} , k=0,1
i=Q@l-1)+k
= Ap(0)s2 K (1) exp (ikn /4). (4.112)

4.9.3  Quadrature Amplitude Modulation

In M-ary ASK, the amplitude of the carrier is modulated in accordance with a message signal with the con-
straint that frequency f, and 6 of Eq. (4.21) are constant. This constraint leads to the straight-line constellation
of Fig. 4.41. In M-ary PSK, the phase of the carrier is modulated in accordance with a message signal with
the constraint that amplitude A and frequency f, of Eq. (4.21) are constant, which leads to the circular con-
stellation of Fig. 4.46. However, if we let the amplitude and phase of the carrier vary simultaneously, we get
a modulation scheme known as an M-ary quadrature amplitude modulation (QAM) or M-ary amplitude and
phase-shift keying (APSK). The signal waveform in the interval 0 < ¢ < T, may be expressed as
sj(t) =A;p(t)cos Cnft+6),) j=1,2,... .M
=m, (1) cos 2xf 1) + my(t) sin 2xf,1), (4.113)

where
my() = p(D)A; cos (6)),
mQ(t) = —p(t)Aj sin (Hj). 4.114)

The amplitude of the in-phase carrier cos (2zf,¢) is modulated by m;,(¢) and that of the quadrature carrier
sin (2zf,7) is modulated by m (7). Hence, this scheme is known as quadrature amplitude modulation. This is

similar to QPSK, except that the amplitude A y (= m% + mé /p(®)) is constant in QPSK whereas it may be
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Ay=A Ay

Figure 4.52 4-QAM constellations: (a) circular, (b) rectangular.

M=16 M=16
(a) (b)

Figure 4.53 16-QAM constellations: (a) circular, (b) rectangular.

changing in QAM. For example, when M = 4, one possible way of realizing QAM is by choosing A; = As,
Ay =A,,0,=0,0,=7r/2,0; = x,and 0, = 37 /2. The corresponding constellation is shown in Fig. 4.52(a).
The other possible way is to choose the four corners of a rectangle, Ay = A, = A; =A,, and 0, =0,60, =
/2,05 =z, and 0, = 37 /2 (Fig. 4.52(b)). This scheme is the same as QPSK. Fig. 4.53 shows 16-QAM
constellations.

In complex notation, assuming p(t) to be real, the QAM signal waveform may be written as

5;(1) = p(DA; exp [iQ2xf,t +6,,)]
= p(A; exp @i2xf,1), (4.115)
—— ——

field envelope optical carrier

where A ; is the complex amplitude which is related to the real amplitude A; by
Aj=A;exp (i0,,). (4.116)

Thus, the simultaneous amplitude and phase modulation of the carrier are described by the complex variable
A/-. Fig. 4.54 shows a possible realization of star 16-QAM [12, 13]. An 8-PSK signal can be generated using
a QPSK modulator and a phase modulator (see Section 4.9.2). The 8-PSK signal passes through the MZM,
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Ay
Ay
Unipolar NRZ dat
ml NRZ data nipolar ata
l my ms ; ;E E
Laser > QPSK > PM > MzM >
modulator
QPSK 8-PSK 16 QAM

Figure 4.54 Schematic of 16-QAM generation using a QPSK modulator.

4-ASK signal

Acos 2z f,t) Ap(t)cos(2xf.1)

t}"'}' l > A l 3-dB coupler

Laser Pulse carver

QAM signal
—

4-ASK signal

Figure 4.55 16-QAM generation using an optical IQ modulator.

which acts as an amplitude modulator. The bias conditions for a MZM to act as an amplitude modulator are
discussed in Section 4.6.2.2. When the message signal m; = A| and A, (> A;) volts, we obtain the inner and
outer circles of the constellation, respectively.

A QAM signal may be interpreted as a signal obtained by simultaneous amplitude modulation of in-phase
and quadrature carriers (see Eq. (4.113)). This suggests that a QAM signal can be generated using an optical
IQ modulator as shown in Fig. 4.55 [15]. To obtain a square 16-QAM signal, 4-ASK electrical signals are
used to drive the optical IQ modulator, as discussed in Section 4.9.2.

Example 4.3 A MASK signal transmitted over the fiber channel

The driving voltage to the MZM is adjusted such that the optical field amplitudes are equally spaced. The
MZM output in a symbol slot 0 < ¢ < T is

Agy = VPo@m+ 1), (4.117)
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where m is an integer, m € [-M /2, M /2 — 1], and M is even. Assume that the occurrence of any of these

symbols is equally probable. Find the mean optical power.

Solution:
Since the M symbols could occur with equal probability, the mean power is

i P, M/2-1

Pow= Y @em+1)”

m=—-M/2

Letn =m+ M/2 + 1. Now, Eq. (4.118) becomes

=T
M=

3
Il
—_

P 0

2n— (M + DJ?

out =

9N [4n? + (M + 1)2 = 4n(M + 1)].

3
Il

Il
=T
M=

Using the following relations,
i M+
=—F

n=1

f 2 _ MO+ DM+ D)
- ; ,

n=1

Eq. (4.119) is simplified as

- Py [4MM + 1)2M + 1) AM(M + 1)?
Pout:M[ 3 +M(M+1)2—72
_ PyM? - 1)
= 2 .

Note that the mean power scales as M? for M > 1.

Example 4.4
Repeat Example 4.3 for an M-ary rectangular QAM signal.

Solution:

(4.118)

(4.119)

(4.120)

Let X and Y be the number of levels of in-phase and quadrature components with M = XY. The QAM signal

in a symbol interval 0 < ¢ < 7, may be written as (see Eq. (4.113))

A, () = my(t) cos 2xf.t) + my(?) sin (2zf.t),
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where
my(t) = /Pyx+ 1) x € [-X/2, X/2-1], (4.122)
mo(t)= /PRy +1) y € [-Y/2, ¥Y/2-1]. (4.123)

Here, x and y are integers. In complex notation, Eq. (4.121) can be written as

Agu = \/my +m7, 20, (4.124)
where
N e
6 = tan [—] , (4.125)
my
Pou = Agul® = mj +mp, (4.126)
X/2-1 Y/2-1

Pu=se X X mitn

x=—X/2y=-Y/2

P X/2-1 Y/2—1
=X—;ly 2 Qx+ 12 +X Z (2y+1)2]
x=—X/2 y==Y/2

_PIX2 = 1)+ (Y2 = 1)

3 (4.127)
4.10 Additional Examples
Example 4.5
Find the power spectral density of the unipolar signals.
Solution:
From Eq. (4.9), we have
! L L
pu) = AZIB()I? Jim ———— < aja, > 0Ty, (4.128)
& o (2L + 1)T,, IZL k;L o
For unipolar signals, a; takes values 1 or 0 with equal probability. Let us write
ak=bk+%, (4.129)

where b, is a random variable that takes values +1/2 with equal probability similar to the random variable
associated with the polar signal. Using Eq. (4.129), Eq. (4.128) can be expanded as

L

L
2 2 1 1 1 ;
) = AIPOP Jim 5 22 [(bubi) + 3(b) + 3.5 + T] exp 22 = BT, @.130)

www.EngineeringEBooksPdf.com



Optical Modulators and Modulation Schemes 183

Since
(byb;) = }1 if k=1
=0 otherwise (4.131)
and
(by) =0, (4.132)

Eq. (4.130) reduces to

L L
_ D)) ] 1 2af(=K)T,
pm() = A21B()] {_4Tb + lim LT, l;Lk;Le . (4.133)

Using the following identities:

L
lim 2y — Jim — 6(f — —),
L—>oo = L—oo Tb Z b
L
lim e 2Ty — 1 (4.134)
L—oo 2L + 1 kZ‘L
Eq. (4.133) reduces to
AZIP(HI?
0
) = —— o(f — —) (4.135)
4Th h I—Zoo
Example 4.6
A raised-cosine pulse is defined as
1 7t t
= = ||IL55 = t| — ). 4.136
ro=3 1 (5)] = (z5) w19

In a polar signaling scheme, raised-cosine pulses are used. Find the PSD.

Solution:
First let us calculate the Fourier transform of p(z).

F [rect <#>] = 2T} sinc (2fT,), 4.137)
b
[x(t) cos < 7t >] _ = [exp (2xfyt) +2exp (—i27rf0t)x(t)
b
_ X(f = fo) ;X(f +f0)’ (4.138)
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where f, = 1/2T,,. In Eq. (4.138), we have used the fact that a phase shift in time domain leads to a frequency
shift in frequency domain. Using Egs. (4.137) and (4.138), we find

a [COS <%> e <2_tTh>] = Tjsinc [2Tb < - ZLY",,)] + sinc [ZT;, (f+ 2—;}))]

_—— 1 1 1
= =T}, sin 2z Tyf) [”(2be_ 1) * xT,f + 1)]
_ T, S CaT i

4.139
T AT -1 ¢ )
where we have used .
. 1 sin QzT,f + )
sinc (2T, (f+ — || = ————7—. (4.140)
2T, wQRT,f +1)
The Fourier transform of p(z) is
5(7) = 1 | 2T, sin zfT,) T, sin QaT,f)4T,f
PI=5 2xfT, x(4T2f2 — 1)
T, sinc (2f T,
_ Tysinc @fTy) (4.141)
(1 -4T%?)
The PSD is given by Eq. (4.13) as
AP ATysinc*QfT,)
pn(f) = = > (4.142)
T, (1 —4T;f?)?
Example 4.7
Show that the Fourier transform of the duobinary pulse
sin (7 Bt)
)= ————— 4.143
PO = =By (4.143)
is
p(f) = % cos <%r> rect <£> exp (izf /B). (4.144)
Solution:
h
Note that ! 1
(1-Br) t t-T,
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Eq. (4.143) can be written as
sin (zBt) sin (zBt)

PO = = e T ZBG=T,)

(4.145)

The first term on the right-hand side of Eq. (4.145) is in the form of a sinc function. To bring the second term

into sinc form, consider
sin [z#B(t — T},)] = sin (#Bt — w) = —sin (7 Bt).
Using Eq. (4.146) in Eq. (4.145), we find

sin (7 Bt) sin (zBt)

PO = = T ZBG-T,)

Using the following identities:
F[sinc (Bt)] = %rect (f/B),
Flx(t = T))] = X(f) exp (27f T},),
the Fourier transform of Eq. (4.147) is
p(f) = %rect (f/B)[1 + exp (i2xfT})]
_ 2 exp (izf Tj,)rect (f /B) [exp (—izfT}) + exp (izfT})]

= sinc (Bt) + sinc [B(t — Tj,)].

B 2
= % exp (izf /B)rect (f /B) cos (zf / B).

Exercises

(4.146)

(4.147)

(4.148)

4.1 Explain the differences between NRZ and RZ formats. Which of these formats has a wider spectrum?

4.2 Discuss the following modulation schemes: (i) ASK, (ii) PSK, and (iii) FSK.

4.3 The pulse shape of a RZ signal is described by
p(t) = exp (—1*/2Ty).
Find the PSD assuming (a) polar and (b) unipolar signaling.

4.4 Derive an expression for the PSD of a bipolar signal such as AMI. Assume rectangular pulses with

100% duty cycle.

4.5 Discuss the differences between binary PSK and DPSK. Does DPSK require a reference laser (local

oscillator) at the receiver?

4.6 Explain the Pockels effect. Show that the phase change is proportional to the applied voltage in an

electro-optic crystal.
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4.7 An electro-optic modulator operating at 1550 nm has the following parameters:
Thickness d = 8um
Index ng =2.2
Pockel coefficient r33 = 30 pm/V
It is desired that the half-wave voltage V is less than 2 V. Find the lower limit on the length L.
(Ans: 1.94cm.)
4.8 Explain how an electroabsorption modulator can be used as an amplitude modulator.
4.9 The d.c. extinction ratio of a MZM is 13 dB. Calculate the power-splitting ratio a12 : ag. Assume that
alz + a% =1.
(Ans: 0.71:0.29.)

4.10 The input power to a dual-drive MZM is O dBm. The MZM is used to generate a NRZ-OOK signal.
Find the drive voltage V and the bias voltage V,;,.. If the d.c. extinction ratio is 10 dB, calculate the
optical power levels corresponding to bit ‘1" and ‘0’. Assume V, =4 V.

(Ans: V=1V, V.. =2V, power of bit ‘1’ = 1 mW, power of bit ‘0’ = 0.1 mW.)
4.11 Consider the input data sequence
{b,’} =[110111011].
This data passes through the differential encoder and add-and-delay filter shown in Fig. 4.28. Deter-
mine the duobinary data voltage sequence m,, at instants n7}, (=m(nT},)). To proceed with differential
encoding, add an extra bit to the encoder output. State the decision rule.
(Ans: {m,} =[00-2000200]V.)

4.12 Repeat Exercise 4.11 for the case of AMI generation as shown in Fig. 4.38. State the decision rule.
(Ans: {m,} =[2-202-220-22].)

4.13 Explain how the correlative coding combined with differential coding simplifies the decision rule at
the receiver.

4.14 The 4-ASK signal is transmitted over a fiber channel with a mean power of 0 dBm. Rectangular pulses
with 50% duty cycle are used in each symbol slot. Sketch the waveform of the 4-ASK signal for a
sequence {3,1,3,—1,—1, 1} showing the peak powers of each symbol. Assume that the optical field
amplitudes are equally spaced.

4.15 Repeat Exercise 4.14 for a square 16-QAM signal.

Further Reading

G.P. Agrawal, Lightwave Technology. John Wiley & Sons, New York, 2005.
S. Haykin and M. Moher, Communication Systems, 5th edn. John Wiley & Sons, New York, 2009.
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D.P. Lathi and Z. Ding, Modern Digital and Analog Communication Systems, 4th edn. Oxford University Press, Oxford,
2009.

S. Haykin and M. Moher, Introduction to Analog and Digital Communications, 2nd edn. John Wiley & Sons, New York,
2007.
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Optical Receivers

5.1 Introduction

In the past few decades, there have been tremendous advances in optoelectronic integrated circuits (OEICs),
primarily because of their widespread use in optical communication systems. Among OEICs, some of the
key drivers have been high performance, low cost, and small size of photoreceivers. And in photoreceivers
and optical receivers, the photodetector and preamplifiers are critical components. The photodetector’s
function is to convert light (photons) or radiant energy into charge carriers, electrons and holes, which can
then be processed, stored, or transmitted again [1]. Further, a monolithically integrated photoreceiver has
several advantages—low parasitics, compact size, and low cost. To date, various designs and structures of
photodetectors, transistors, and integrated circuits have been used to produce high-performance integrated
photoreceivers. In the design of integrated photoreceivers, various devices and circuit parameters are
involved. To obtain the best possible photoreceiver performance, the parameters of both the photodetector
and the preamplifier should be optimized. Therefore, we concentrate on describing some important pho-
todetector structures and optical receivers. An example of a typical optical detection system is shown in
Fig. 5.1, [1-4]. In an optical communication system, the photodetector can be configured either as a direct
or incoherent detector, or as a coherent detector.

In direct or incoherent detection, the “direct” detector converts the incident radiation into an electrical
signal (sometimes called the photo-signal) that is proportional to the power of the incident light. There is
no phase or frequency information and the photo-signal is then processed electronically using a low-noise
preamplifier followed by signal processing circuits. The preamplifier should have very low noise and wide
enough bandwidth to accurately reproduce the temporal characteristics of the input signal, which may be a
10 or 40 Gb/s pulse stream. Minimization of noise in an optical direct detection system is a critical issue. In
particular, the various sources of noise from the background, the photodetector itself, biasing resistors, and
other additional noise sources such as the signal processing circuits must be minimized if the optical detection
system is to have an acceptable signal-to-noise ratio and low bit-error rates for a given input signal power.

A coherent detector, in contrast, is one in which the output electrical signal is related to the phase of the
input as well as the input power. The coherent detector requires a local oscillator whose phase is “locked”
onto the phase of the received signal or the phase difference between the two should be corrected dynamically
using digital signal processing (DSP). More details on these two types of photodetection system will be
presented later.

In this chapter, we will discuss various types of photodetector. We will describe photodetectors without
internal gain, such as pn photodiodes, pin photodetectors (pin-PDs), Schottky barrier photodetectors, and

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 5.1 Simple schematic representation of a typical optical detector system.

metal—semiconductor—metal photodetectors (MSM-PDs). We will also describe photodetectors with internal
gain, like avalanche photodetectors (APDs), photoconductive photodetectors, and phototransistors. Then, we
will describe some advanced photodetectors, such as resonant cavity-enhanced photodetectors (RCE-PDs)
and waveguide photodetectors (WG-PDs). We describe noise sources in photodetection systems as well as
optical detection system architectures. Finally, it should be noted that some of the material in this chapter is
common to that in chapter 8 of Ref. [1], which was written by one of the authors.

5.2 Photodetector Performance Characteristics

A photodetector is a device in which an electron—hole pair is generated by photon absorption. In the case
of lasers, electrons and holes recombine (stimulated emission) and their energy difference appears in the
form of light. In other words, an electron and a hole annihilate each other to create the photon. In the case
of photodetectors, the reverse process takes place. A photon with energy if > E,, where E|, is the band-gap
energy (see Fig. 5.2), is annihilated to create an electron—hole pair.

The photon energy (E,;,) decreases as the wavelength (4) increases according to

h
E,, = hf = 76 5.1)

where & = Planck’s constant (6.626 X 1073* J - s), ¢ = speed of light, f = frequency of light (Hz), and A =
wavelength of light (m). If the energy E,, of the incident photon is greater than or equal to the band-gap energy
Eg, an electron makes a transition from the valence band to the conduction band, absorbing the incident
photon. Fig. 5.3 shows the dependence of the absorption coefficient on wavelength or photon energy. The
wavelength A, at which the absorption coefficient a« becomes zero is called the cutoff wavelength. If the
incident wavelength 4 is greater than A, the photodiode will not absorb light. This is because, if 1 > 4,

co’

Eg
f<fo=7" (5:2)

Vanlence
band

Figure 5.2 Photon absorption in a semiconductor.
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Figure 5.3 Absorption coefficient @ versus wavelength (bottom x-axis) or photon energy (top x-axis) for seven common
semiconductors.

Therefore, the energy of the photon (« f) will not be adequate to excite an electron into the conduction band

if A > 4,,, and such a photon will not be absorbed. Eq. (5.2) may be rewritten as
he
Aep = = (5.3)
8
or 12
== ) 54
o= eyt (5.4)

Inasilicon photodiode, 4., ~ 1.1 pm, soat 1.1 pm, the photon energy is just sufficient to transfer an electron
across the silicon energy band gap, thus creating an electron—hole pair, as shown in Fig. 5.4 [5]. As this cutoff
wavelength is approached, the probability of photon absorption decreases rapidly.

Table 5.1 shows some common semiconductors used as the active (absorption) materials in photodetectors
and their corresponding cutoff wavelengths. This results in a spectral range of response of the photodetector,
that is, the range of wavelengths over which the semiconductor material of the absorption layer of the pho-
todetector is sensitive to input radiation. Also indicated in Table 5.1 are which semiconductors are direct band
gap and which are indirect band gap.

In indirect band-gap semiconductors such as silicon or germanium, photon absorption requires the assis-
tance of a phonon so that both momentum and energy are conserved (see Section 3.7.3). In this case, the
absorption process can be sequential, with excited electron—hole pairs thermalizing within their respective
energy bands by releasing some energy/momentum through phonons. Therefore, compared with absorption
in a direct band gap where no phonons are involved, absorption in indirect band-gap semiconductors is less
efficient. Below, we discuss briefly the features of different semiconductor absorption layer materials that
have been used in commercial photodetectors.
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/\/\/\f" hf Ebandgap

Figure 5.4 Absorption of photons with energies equal to or greater than the band gap.

Table 5.1 Some common semiconductor materials used in photodetectors
with their E, and 4, values.

Semiconductor Bandgap (eV) at 300 K Cutoff wavelengths 4, (pm)

Silicon 1.12 (indirect) 1.1
Germanium 0.66 (indirect) 1.85
GaAs 1.42 (direct) 0.87
GaSb 0.73 (direct) 1.7
AlAs 2.16 (direct) 0.57
InAs 0.36 (direct) 3.5
InP 1.35 (direct) 0.92
In, ,Ga, ¢ As 1.15 (direct) 1.08
In, ,,Ga, 53 As 0.75 (direct) 1.65

Silicon (Si)

e Indirect band-gap material with a small absorption coefficient.

e It has a high ratio of ionization coefficient of holes (f;) to electrons («;). It is a good choice for avalanche
photodetectors, especially for local area networks (LANs) or short-wavelength applications.

e It is not suitable for the long-haul communications that typically operate at 1.3 or 1.55 pm.

Germanium (Ge)

e Indirect band-gap material with a small absorption coefficient.

e High ,;/a; ratio. It can be used for avalanche photodetectors for both local area networks and long-distance
communications due to its long cutoff wavelength.

Gallium arsenide (GaAs)

e Direct band-gap material.
e Easy lattice matched to the InP substrate.
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e It is not suitable for high-quality avalanche photodetectors since f; = a;.
e It is not suited for long-distance applications due to its short cutoff wavelength.

Indium gallium arsenide (InGaAs)

e It can have a tunable band-gap energy depending on the ratio of Ga to In.
e Itis a very good material for long-haul communications at 1.55 pm.
e [t can be lattice matched to the InP substrate.

Indium gallium arsenide phosphide (InGaAsP)

e Suitable for both 1.3- and 1.55-pm applications.
e It can be lattice matched to the InP substrate.

In a semiconductor photodetector, there are two or three key processes depending on the type of photode-
tector.

(i) Absorption and generation. Here, the photons of appropriate energy (that is, the energy of the incom-
ing photon should be at least equal to the active semiconductor material’s band-gap energy) generate free
electron—hole pairs (ehps) through the photoconductive (or internal photoemission) effect when they are
absorbed in the photoresponsive (or active) region of the photodetector. Note that in the photoconductive
effect, the photogenerated carriers remain in the semiconductor material and they result in an increase in
its conductivity. This is in contrast to photoelectric emission, in which the photogenerated electrons escape
from the material and are then free to move outside the material under an applied electric field. Photoelectric
emission is used in photomultiplier tubes (PMTs).

(ii) Transport. The generated ehps drift under the influence of an applied electric field E. This results in a
current that flows in the circuit.

(iii) Amplification. In some photodetectors, when the electric field is sufficiently large, the photogenerated
carriers moving in the applied electric-field can gain sufficient energy to impact ionize. Upon impact
ionization, additional carriers are generated, creating more ehps. In this way, one photogenerated ehp can
result in many more ehps, leading to a photodetector with gain. In more detail, the gain of the photodetector
is defined as the ratio of the number of collected ehps to the number of primary photogenerated pairs. Gain
expresses the sensitivity of the photodetector at the operating wavelength. One popular photodetector with
gain is the avalanche photodiode.

5.2.1 Quantum Efficiency

In a semiconductor photodetector, when a photon of energy E,, > E, is absorbed, an ehp is formed. Then,
a photocurrent is produced when the photon-generated ephs are separated in an applied electric field, with
electrons moving to the n-region and holes to the p-region (Fig. 5.5). However, the photons of appropriate
wavelength do not always generate ehps, nor are all ehps collected at the respective terminals. Therefore,
quantum efficiency QE (or ) is defined as the probability that a photon incident on the photodetector generates
an ehp (photocarrier) that contributes to the photodetector current and is given by

_ number of photocarriers that contribute to the photocurrent

55
number of incident photons (5-3)

Note that 0 < < 1, that is, the maximum value of # in a photodetector without gain is 1 or 100%, which
means that each incident photon generates an ehp. The QE depends on the photon wavelength, type of semi-
conductor, and structure of the photodetector.
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The mean number of photons, N, in an optical wave of energy E and frequency f; is

E
N, =—. 5.6
ph h fo ( )
Therefore, the mean number of photons per unit time, or photon rate or photon flux, is given by
N
o E _ P (5.7)

T Ty  hfy

If the incident optical power on the photodetector is P;, the mean number of photons incident per unit time,

or photon incidence rate, is
Py
Rincident = h_f(] (5.8)
Let the number of photocarriers generated be Np.. Not all the photocarriers contribute to the photocur-
rent, as some of them recombine before reaching the terminals of the photodetector. Let ¢ be the fraction of

photocarriers that contribute to the photocurrent. The effective photocarrier generation rate may be written as

¢Npc _ Ipc
Rgen = T = 7, (59)

where ¢ is the electron charge. Using Eqgs. (5.8) and (5.9), Eq. (5.5) may be rewritten as

photocarrier generation rate

g photon incidence rate

I I
_Irc/q _ Irche 1 (5.10)

Pi/hfy  Pp q Ay

From Eq. (5.10), it is noted that # is inversely proportional to wavelength A,. However, at short wavelengths,
n decreases due to surface recombination because most of the light is absorbed very close to the surface.
For example, if the absorption coefficient a = 10° to 10° cm™!, then most of the light is absorbed within
the penetration distance 1/a = 0.1 to 0.01 pm. At these distances, close to the surface, the recombination
lifetime is very short, so the majority of photogenerated carriers recombine before they can be collected at
the terminals. This gives rise to the short-wavelength limit in the quantum efficiency of the photodetector.
However, with careful surface treatment, it may be possible to extend the short-wavelength limit to lower
values of wavelength A.

An example of a simple pn-homojunction photodetector operating in the photoconductive mode (third quad-
rant of the /—V characteristics) is shown in Figs. 5.5 and 5.6. In Fig. 5.6, the main absorption or photoactive
region is the depletion region, where the electric field sweeps the photogenerated electrons to the n-side and
holes to the p-side. This results in a photocurrent that is a drift current flowing in the reverse direction, that
is, from the n-side (cathode) to the p-side (anode), and this is the main contribution to the total photocurrent.

In addition, if ehps are generated within one diffusion length of the depletion region boundaries, they can
also contribute to the photocurrent. For example, the photogenerated minority carriers—holes on the n-side
and electrons on the p-side—can reach the depletion boundary by diffusion before recombination happens.
Once they reach the depletion region, they will be swept to the other side by the electric field. Thus, there is
also a diffusion current flowing in the reverse direction and contributing to the photocurrent.

In contrast, in the bulk p- or n-regions, although the generation of ehps occurs by photon absorption, they do
not contribute to the photocurrent. This is because there is negligible electric field to separate photogenerated
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Figure 5.5 Photoexcitation and energy-band diagram of a pn photodiode and its symbol.
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Figure 5.6 (a) Schematic representation of a simple photodiode with coating of reflectivity R,. Note that only electrons
are shown moving toward the n-type semiconductor from the depletion. An equivalent number of holes move in the
opposite direction. (b) Typical reverse-bias characteristics where the photocurrent increases with light levels.

charges and hence they recombine randomly. For this pn-junction, if its cross-sectional area is A and the
incident photons generate G electron—hole pairs per second per unit volume (ehp/s/cm?®), and if L, and L, are
the respective minority diffusion lengths in the p- and n-regions, then the resulting photocurrent from the n-
to the p-region is

Ipc = gAG(W + L, + L), (5.11)

In practice, when computing 7, we need to consider the details of the photodetector—the photoactive material
through its absorption coefficient and geometry as well as its surface. A schematic representation of a pn
photodiode with antireflection coating is shown in Fig. 5.6(a).

Let the optical power incident on one side of the pn-photodiode be P;. If R, is the power reflection coefficient
at the air—semiconductor interface, the power transmitted at the interface is (1 — R,)P;. The transmitted power
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through the photodiode is
Py =(1—R,)P exp(—aW), (5.12)

where «a is the absorption coefficient and W is the thickness of the depletion or active region of the photode-
tector. Therefore, the power absorbed in the photodiode is

Py =0 =R,)P; — P, = (1 =R,)P/[1—exp(—aW)]. (5.13)

From Eq. (5.7), we find that the mean number of photons absorbed per unit time, or photon absorption
rate, is P /(hf;)). If a photon is absorbed, an electron—hole pair is generated. Therefore, the number of
electron-hole pairs generated per unit time is

N P,
— = hjﬁ(’) (5.14)
Using Eqgs. (5.14) and (5.13) in Eq. (5.10), we find
Py
=(1 = R,){[1 —exp (—aW)]. (5.15)

The quantum efficiency is equal to a product of:

1. the power transmission coefficient at the air—semiconductor interface, 1 — RP;
2. the photons absorbed in the active region of thickness W, given by the term 1 — exp (—aW); and
3. the fraction of photocarriers ¢ that reach the device terminal and contribute to the measured photocurrent.

The third term is usually the most difficult to determine as it depends on a number of factors, such as carrier
lifetimes, transit paths, surface properties, and the physical dimensions of the device.

Example 5.1

If the incident optical signal on a pn photodiode is at a wavelength of 550 nm, its absorption coefficient « =
10* cm™!, width of the active region W = 3 pm, and optical power 1 nW, calculate (a) the photon incidence
rate, (b) the photon absorption rate, and, (c) the quantum efficiency. Assume R, = 0 and { = 0.9.

Solution:

(a) The energy of a photon is

E, = % =3.6x107" 1.
0

The photon incidence rate is given by Eq. (5.8),

o _ P Ix107° W

incident Eph 3.6 x 10-19
=2.77 x 10° photons/s.

R photons/s

www.EngineeringEBooksPdf.com



Optical Receivers 197

(b) Using Eq. (5.13), with R, = 0, the photon absorption rate is

Rabs = Rincident[1 — €Xp (—(XW)]
=2.77%x10° x [1 —exp (—10* x 3 x 107*)] photons/s
=2.63 x 10° photons/s.

(c) The quantum efficiency is given by Eq. (5.15),

n=(1-R,){[1 —exp(—aW)]
=0.9x (1 —exp(—10*x3 x 10™)
=0.855.

5.2.2 Responsivity or Photoresponse

The responsivity or photoresponse (sometimes also called sensitivity) is a measure of the ability of the pho-
todetector to convert optical power into an electrical current or voltage. It depends on the wavelength of
the incident radiation, the type of photoresponsive (or active) material in the detector, and the structure and
operating conditions of the photodetector. It is defined as

R= IP—C, (5.16)
Py
where Ip is the photocurrent and P; is the input optical power.

The photocurrent, in turn, depends on the absorption characteristics of the active (photoresponsive) material
on the photodetector and the quantum efficiency. In a photodetector, the intrinsic quantum efficiency is the
number of ehps generated per incident photon. In the ideal case, the quantum efficiency, which is a measure
of the number of photogenerated ehps per incident photon, is 1 or 100%, that is, each photon of appropriate
energy (equal to or greater than the energy band gap E, of the active semiconductor material) generates one
ehp. For a pn photodiode, using Eq. (5.10) in Eq. (5.16), we find

nq

R=—. (5.17)
hfy
If we insert the numerical values for ¢, ¢, and h and with fiy = ¢/ 4, Eq. (5.17) may be rewritten as
Ao(pm)
R(A/W) =y (;24 . (5.18)

Note that the responsivity is proportional to both the quantum efficiency # and the free-space wavelength 4.

Fig. 5.7 shows schematically how the responsivity varies with wavelength. Notice that the responsivity curve
falls at both longer and shorter wavelengths for all three photoresponsive materials. The long-wavelength drop
is related to the energy band gap of the semiconductor. For example, for silicon, the energies of photons with
wavelengths approaching 1.1 pm are close to its indirect band-gap energy, beyond which silicon is transparent.
At the other extreme, at short wavelengths, as mentioned before, the quantum efficiency decreases rapidly due
to surface recombination effects as most of the light is absorbed close to the surface.
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Figure 5.7 Schematic representation of responsivity vs. wavelength for three common absorption materials and various
QEs from 10% to 90%.

Example 5.2

In a GaAs photodiode, if the quantum efficiency # = 0.9, band-gap energy E, = 1.42 eV, and operating
(free-space) wavelength = 1.1 pm, calculate (a) the responsivity R and (b) the cutoff wavelength 4.

Solution:
(a) From Eq. (5.18), we have

Ao(pm)
1.24

_09x%x1.1
124

(b) The cutoff wavelength is given by Eq. (5.4),

=7 A/W

A/W =09 A/W.

1.2

A= .

€0 E,(eV)
1.2

=10 pm = 0.873 pm.

pm
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Example 5.3

Consider radiation of wavelength 4 = 700 nm incident on a photodetector whose measured responsivity is
0.4 A/W. What is its quantum efficiency at this wavelength? If the wavelength is reduced to 500 nm, what is
the new QE assuming that the responsivity is the same?

Solution:
Using Eq. (5.18), we get

Ag(pm) _04x1.24
124 1 0.7

04 A/W =p = 0.7086(~ 71%).

For Ay = 500 nm, the new QE is

n = 0.7086 x % = 0.506(~ 51%).

5.2.3 Photodetector Design Rules

As shown in Eq. (5.15), to improve the quantum efficiency, we should minimize light reflections (R, term)
from the semiconductor surface or maximize the light transmitted into the semiconductor. For this, we can
use an antireflection coating to achieve better light transmittance. If the light is incident from air (refractive
index n,;,) into the semiconductor (refractive index ng.), then we should choose a material whose refractive
index n,p (refractive index of antireflection coating) is given by

NAR = Ngip Mg - (5 19)

If we use a quarter-wavelength antireflection coating of a transparent material with a refractive index n,g,
then the thickness 7,z which causes minimum reflection of the incoming radiation is given by (see Section

6.6.3)
A

4n,p

Iag = (5.20)

where A is the free-space wavelength of the incident light onto the antireflection coating.

Example 5.4

If we use a silicon photodetector to detect red light at 680 nm, and refractive index of air (n,;,) = 1, refractive
index of silicon (ng;) = 3.6, determine the refractive index and thickness of the antireflection coating.

Solution:

The required antireflection coating should have a refractive index njgr = 1/n,ng; = 1.9 and its thickness
should be t g = A/(4n,g) = 680 nm/(4 X 1.9) ~ 90 nm. At 680 nm, the refractive index of silicon nitride
(Si3N,) ~ 2 and that of silicon dioxide (SiO,) ~ 1.5. Therefore, Si;N, would be a good (though not perfect)
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choice for the antireflection coating. Note that if we do not use an antireflection coating, then the reflectivity
of silicon at 680nm is ~0.32. This means that ~68% of the incident light is transmitted into the silicon
photoactive region. Note that the reflection coefficient R, is computed using,

_ (ng(H)—1)°
R, = (W) : (5.21)

In addition to the antireflection coating, we also need to design a suitable absorption layer thickness (W)
or appropriately select the reverse-bias voltage of the photodiode to be large enough so that adequate light
is absorbed. However, as will be shown later, if the absorption region is too thick, then the speed of a
transit-time-limited photodetector will be degraded. A good rule of thumb is to have the absorption layer

thickness satisfy the following inequality: 5 .

—<W< - (5.22)
a a
where a is the absorption coefficient and its inverse (1/a) is the penetration depth of the incident light.
For the above example of a silicon detector used for 680-nm light, the inverse of the absorption coefficient is
1/(2.21 x 10°) = 4.5 pm. Therefore, according to the design rule in Eq. (5.22), the absorption layer thickness
should be between 4.5 and 9 pm. However, in practice, using standard silicon semiconductor technology, this
large a thickness may be difficult to achieve, so the QE would be degraded.

5.2.4 Dark Current

The dark current is the current generated in the photo-detector without an incident optical signal or when it
is in the dark. This current originates from the generation of an ehp due to thermal radiation or stray light.
Here, we briefly introduce typical theoretical current expressions for three mechanisms that contribute to
the dark current in a photodetector under reverse bias. The main mechanisms of transport in a reverse-bias
homojunction diode are diffusion of minority carriers J 4, generation—recombination current (for example,
due to trap-assisted and band-to-band tunneling) Jz, or surface leakage Jg. These three mechanisms can be
described by the following expression:

2 D

qn. 1 D 1 P
Jppe = — | — 4/ 24+ — 42 V) — 1], 5.23
difft = g (NA V . N V T, [exp (4¥ir) = 1] (5.23)

qn;W

Jor = [exp (7V/axr) — 11, (5.24)
Atgp
and
B,VT3/?
§ST TP (~Eefakr). (5.25)

In these expressions, A is the area of the photodiode, W is the depletion width at reverse-bias voltage V, n; is
the intrinsic carrier concentration, N4 and Ny are acceptor and donor densities, respectively, E, is the band-gap
energy, D’s and 7’s are minority carrier diffusion constants and lifetimes, and B; is a fitting parameter. The
corresponding D’s and diffusion lengths L can be calculated using the Einstein relation D/u = kT /q where
u=mobility and 7= absolute temperature. Note that if dislocations are present, we also need to include a
model for the leakage current originating from the dislocations.
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5.2.5 Speed or Response Time

The speed of response or bandwidth of a pin photodetector, shown in Fig. 5.8, depends on the following
factors.

1. The transit time 7, of the photogenerated carriers through the depletion or active region, given by

T, =—, (5.26)
v
where v is the speed of the carrier. If the carriers are not traveling at their saturation velocity v, then
v = uE where u is the mobility of the carrier traveling in an electric field E. The electric field intensity
is in turn computed from E ~ V /W, where V is the voltage across the depletion region W. Therefore, we
can write 7, as

.= W /v, for carriers traveling at their saturation velocity (5.27)
! W2 /(uV), for carriers traveling below their saturation velocity.

2. The slower (relative to drifting carriers) diffusion of carriers occurs outside the depletion region. To min-
imize this diffusion time effect, generally the depletion region is made as large as possible. For example,
a pin photodiode (Fig. 5.8) may be used instead of a pn photodiode where the i-region is much larger
than a typical reverse-biased depletion region. Also, because the doping concentration in the i-region is
significantly lower than that in the p- or n-regions in a pin photodiode, then most of the depletion width is
the i-region and the carrier transit time is drift dominated.

3. The RC time constant 7y is due to the resistance R (the sum of the diode’s parasitic resistance Ry and the
load resistance R; ) and the capacitance C of the diode. In this case, the RC time constant is given by

e = RC. (5.28)
Therefore, the total response time 7, can be written as the root-mean-square value

Tiot = 12 +‘L’2

2+ 72 (5.29)

p+

Reverse-bias | /\/\/_»6
voltage Vp, —T e
i-layer l

Load resistor R,

W

Figure 5.8 Schematic representation of a pin photodiode showing the photoactive region where electron—hole pairs are
generated.
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Note that a fast transit time implies a thin detector active region, while low capacitance and high responsivity
require a thicker active region. Thus, there are trade-offs between fast transit times and low capacitance for
high-speed response, high quantum efficiency, low dark current, and good coupling efficiency when used in a
fiber system. For example, a fast transit time requires a thin detector photoactive region, while low capacitance
and high responsivity (or quantum efficiency) require a thick active region. It is very generally favorable to
design the absorption region to be larger than the penetration depth using expression (5.22).

Also, a smaller detector active area leads to lower dark current and smaller junction capacitance, but may
be inefficient for detector coupling to the fiber when used in fiber-coupled systems. Therefore, building on
the above examples, a silicon-based sensor that is optimized for 680-nm detection should be designed to have
the thickness of the semiconductor within 4.5-9 pm.

5.2.6  Linearity

Typically, reverse-biased photodetectors are highly linear devices (Fig. 5.9). Detector linearity means that the
output electrical current (photocurrent) of the photodiode is linearly proportional to the input optical power.
Reverse-biased photodetectors remain linear over an extended range (six decades or more) of photocurrent
before saturation occurs. Output saturation occurs at input optical power levels typically greater than 1 mW.
Because fiber-optic communication systems operate at low optical power levels, detector saturation is gener-
ally not a problem.

5.3 Common Types of Photodetectors

As mentioned in Section 5.1, semiconductor photodetectors can be broadly classified into those without inter-
nal gain and those with internal gain. In the first category are pn photodiodes, pin photodetectors, Schottky
barrier photodetectors, and MSM-PDs. In the second category are photoconductors, phototransistors, and
APDs. These second types of photodetector are used to improve the overall sensitivity of the front-end pho-
toreceiver.

Ipc(A)
A
B Saturation
B Dynamic
range Ideal
— response
| Total noise
Ill I I N N O | A N I | >
P, P, P,(dBm)

Figure 5.9 Response characteristics of a typical photodetector. Important features of the response characteristics are
indicated in the figure.
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5.3.1 pn Photodiode

A pn photodiode is basically a pn junction diode operating under reverse bias. It has already been described
in Section 5.2.1 and Fig. 5.5. In a pn photodiode, the incident photons may be absorbed in both depletion
and diffusion regions, and the number of ehps generated is proportional to the optical power (see Eqgs. (5.11)
and (5.16)). The ehps are separated in the depletion region and are induced to drift under the influence of
the external applied electric field. In designing a pn photodiode, the depletion or absorption region should be
wide enough to achieve high quantum efficiency, but at the same time, it should not be too wide because the
drift time increases with the width, resulting in a decrease of the bandwidth of the photodiode. As mentioned
before, this exemplifies the compromise between quantum efficiency and speed for almost all photodetectors.

5.3.2  pin Photodetector (pin-PD)

The pin photodetector is one of the popular types used in fiber-optic communications and it was previously
introduced in Section 5.2.5. The performance of pin-PDs surpasses that of pn photodiodes because they can
easily be tailored for optimum quantum efficiency and bandwidth (see the sensitivity—bandwidth trade-off
discussed in Section 5.2.5). The basic pin-PD consists of three regions: heavily doped p* and n* layers and an
intrinsic i-layer that is typically a much lower-doped semiconductor. The i-layer sandwiched between the p*
and n* layers is shown in Fig. 5.10. In a pin-PD, the photon absorption takes place primarily in the intrinsic
region that is depleted when reverse-bias voltage is applied to its terminals. The collection process for the
generated carriers is therefore fast and efficient. Thus, the intrinsic bandwidth is very high, and the overall
bandwidth that is limited by the extrinsic effects can be tens of gigahertz. Fabrication of pin photodetectors
is relatively easy, with well-established semiconductor processes, and the fabricated devices are very reliable
and of low noise. An example of a front-illuminated InP/InGaAs homojunction pin photodiode is shown in
Fig. 5.10. Typically, pin-PDs are combined with erbium-doped fiber amplifiers (EDFAs) in order to increase
the overall sensitivity of the receiver.

Similar to the pn photodiode, there is a compromise between quantum efficiency and bandwidth when
designing a pin-PD. For an optimized structure, the quantum efficiency—bandwidth product (#-BW) is
approximately constant. For example, the bandwidth can be increased from a few tens of gigahertz to more

Optical
. input .
AR coating Ti/Au contact

l " |
P p* InGaAs

n intrinsic InGaAs
absorption region

n™ InP buffer

n* InP substrate

!Back contact metal

Figure 5.10 Schematic structure of a front-side-illuminated InGaAs—InP pin photodiode.
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than 100 GHz [6] by using a matching network and decreasing the device size, but this reduces the quantum
efficiency. If a side-entry or a waveguide-fed pin-PD is fabricated, then the #-BW product can be further
improved [7]. The n-BW product can also be increased by inserting the pin-PD inside a resonant cavity as
in RCE-PDs, where the quantum efficiency is enhanced even for a thin absorption layer due to reflections
of light through the bottom and top mirrors of the cavity, resulting in multi-passes of light through the
absorption layer. This is discussed in more detail later in section 5.3.8.1.

5.3.3  Schottky Barrier Photodetector

The Schottky barrier photodiode is made of metal—semiconductor—metal rectifying junctions rather than pn
semiconductor junctions. Fig. 5.11 shows a simple schematic structure of a Schottky barrier photodetector.
Schottky barrier photodiodes have narrow active layers compared with pin or pn PDs. An important advantage
of Schottky barrier photodetectors is the very short carrier transit time, resulting in a very high bandwidth.
However, this advantage due to the narrow active layer comes at the expense of poor quantum efficiency.

Schottky photodetectors using InGaAs/InP-based material for the 1.3—1.55 pm wavelength region are also
useful photodetectors in the visible and ultraviolet wavelength range due to their large absorption coefficients
at these shorter wavelengths. However, one of the technical challenges in manufacturing the Schottky diode
is how to avoid surface traps and recombination centers that cause substantial loss of photogenerated carriers
at the surface, and therefore a reduction in quantum efficiency. Also, because the quantum efficiency is very
low in the 1.3—1.55 pm wavelength region, the Schottky barrier photodetectors are not widely used in optical
fiber communication systems.

5.3.4  Metal-Semiconductor—Metal Photodetector

A MSM-PD uses an absorption layer of semiconductor material that is sensitive to the wavelength of interest.
On top of this layer, metal electrodes are deposited as interdigitated fingers to form back-to-back Schottky
diodes with a suitable antireflection coating between them. Each electrode forms a Schottky barrier contact
with the semiconductor. It is connected to a large contact pad for subsequent interconnection to the external
circuit. The MSM-PD is a variation of a Schottky barrier photodetector with both contacts made on the same
side of the substrate. A top view of a MSM-PD is shown in Fig. 5.12, while a schematic of the cross-section
of this photodetector is shown in Fig. 5.13. The rectified /-V characteristic of a Schottky diode is similar to
that of a pn junction. However, a Schottky barrier occurs only for certain metal—semiconductor junctions

Semi-transparent
gold contact

Metal-n* 1 layer Metal-n*
contact contact

nt layer

Semi-insulating
substrate

Figure 5.11 Schematic structure of Schottky barrier photodetector.
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Figure 5.12 (a) Top view of a MSM-PD. and (b) Circuit schematic of a MSM-PD.

Schottky contacts

o AN

Undoped active layer

Semi-insulating substrate

Figure 5.13 A schematic structure of the cross-section of a MSM-PD.

which can also be ohmic. The doping levels in the p- and n-semiconductors control the potential barrier of
a pn junction. However, in a Schottky diode, the potential barrier (¢, ) is controlled by the work functions
of the metal and semiconductor materials. A key difference between a pn diode and a Schottky diode is that
pn junctions allow both electrons and holes to flow under forward bias, while a Schottky diode is a majority
carrier device (only one type of carrier flows).

A MSM-PD is planar and requires only a single photolithography step for fabrication. The electrode
deposition stage may generally be combined with other metallizations in the fabrication of an integrated
receiver circuit. This makes the fabrication and monolithic integration with other electronic devices, such as
a metal—semiconductor field-effect transistor (MESFET), relatively easy.

The MSM-PD also has the same compromise problem between quantum efficiency and bandwidth as with
the other photodetector structures discussed above. While the quantum efficiency can be maintained by using
a multi-finger interdigitated layout, the bandwidth is increased by reducing the effective absorption layer
thickness. This can be achieved by artificially restricting the electric field within a certain layer near the
surface by introducing, for example, a highly doped layer at a certain depth. The impulse response for a
MSM-PD shows a tail response due to the photogenerated carrier distribution away from the surface. The
slow tail response can be removed by tailoring the carrier lifetime in the material so that the lifetime is almost
equal to the transit time between the electrodes.
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Some MSM-PD technology can provide very thin fingers and narrow spacing between fingers. Therefore,
the transit time can be made very small, but the limiting factor is now the capacitance C, and the speed of the
MSM-PD is mainly controlled by its R, C,; time constant, where R, is the total resistance of the PD. The
capacitance may be calculated using the conformal mapping approach [8] and is given by

o1 +e)K(K)

Ci= "% (5.30)

where g is the absolute permittivity of vacuum, €, is the relative dielectric constant of semiconductor, and K
is the elliptic integral of the first kind. In Eq. (5.27), k and k" are defined as

k—tan2<&> (5.31)
4(Wﬁnger + Lgap) .

and

K'=vV1-k2, (5.32)
where Wi, and Ly, are the width and spacing of the fingers, respectively. For W, = Ly, = 0.5 pm, and
40 fingers, each 10 pm long, the capacitance of the photodetector becomes 24 fF, which is a very small value
compared with other conventional photodetectors. This value can further be reduced by using a series—parallel
configuration of the fingers [8].

Regarding the geometry of a MSM-PD, it is noted that the signals are coupled to photodetectors through
optical fibers which have circular cross-sections. Therefore, a rectangular structure does not help in utiliz-
ing the entire surface area and thus the responsivity is reduced. Circular structures can instead be used for
improving the responsivity and the capacitance of a MSM-PD [5].

5.3.5 Photoconductive Detector

A photoconductive photodetector is made up of an absorptive semiconductor together with two electrical
terminals. When it is illuminated, the electrical conductivity increases because the photogenerated carriers
carry an electrical current. The internal gain mechanism arises from the space-charge neutrality requirement.
The photogenerated carriers move toward their respective collecting terminals with different velocities. The
carriers moving faster reach the terminal first, resulting in an excessive charge in the photoconductor. The
excessive charge draws additional carriers into the conducting layer, until the slowest carrier is recombined or
collected so that total charge neutrality in the photoconductor is satisfied. In this way, we can define the internal
gain as the ratio of the transit time of the slow carrier to that of the fast carrier. One limitation is its bandwidth,
which is inversely proportional to the transit time of the slow carrier. Therefore, photoconductors typically
have bandwidths up to a few hundred megahertz. Higher bandwidths, in the gigahertz range, can be achieved
by optimizing the distribution of photogenerated carriers along the device. Photoconductive devices are easy
to fabricate and incorporate into OEICs. However, they are not often used in optical fiber communication
systems due to their limited bandwidth and large leakage current.

5.3.6 Phototransistor

A phototransistor is similar to a bipolar junction transistor (BJT), but with normally only two terminals—the
collector and the emitter—used as electrical contacts. The base and the base—collector junction are used as the
absorption layer. The photogenerated holes in the absorption region accumulate in the base. This excessive
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Figure 5.14 Schematic structure of an n—p—n InGaAs/InP phototransistor.

charge results in electrons being injected from the emitter. The current gain mechanism is the same as in
normal electrical operation of a BJT. The schematic structure of an n—p—n InGaAs/InP phototransistor is
shown in Fig. 5.14.

Heterojunction phototransistor (HPT) technology is promising, and can be built using different semicon-
ductor structures. For example, resonant-cavity-enhanced HPTs can be developed to improve both quantum
efficiency and responsivity. The HPT can also be integrated with a traveling wave device that is optimized for
microwave performance [9].

5.3.7 Avalanche Photodetectors

APDs are the most important photodetectors with internal gain that have been widely used in fiber-optic com-
munication systems. The APD is commonly used for detection of extremely low-intensity optical radiation
due to its high sensitivity characteristics [10—14]. The APD can be made using Si, Ge, or III-V semiconductor
materials. Its internal gain comes from the avalanche multiplication process through impact ionization events.
The impact ionization phenomenon has been extensively investigated, both theoretically and experimentally
[15—-19], and a schematic representation is shown in Fig. 5.15.

Unlike the photodetector structures discussed above, an APD operates under sufficiently high reverse volt-
age to generate a high enough electric field in which highly energized photogenerated ehps can impact ionize.
In more detail, under a high electric field, the high-energy conduction band electrons initially scatter with an
electron in the valence band and knock it out into the conduction band, resulting in multiplication of the num-
ber of electrons in the conduction band and holes in the valence band. This results in a multiplication of the
number of current-carrying charges in this avalanche process. This avalanche process could also happen to
high-energy valence band holes that impact ionize. To cause impact ionization, the required minimum carrier
energy is the ionization threshold energy that should be larger than the band-gap energy.

The process of ionization is exponentially dependent on the magnitude of the electric field. The ionization
coefficients of electrons a and holes f are defined as the inverse of the mean distance between ionization
collisions, but electrons and holes can lose energy in non-ionizing collision processes such as phonon scat-
tering. One carrier undergoing the impact ionization process creates a pair of free carriers. All three carriers
get accelerated, and then continue to undergo impact ionization events and generate more free carriers. This
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Figure 5.15 Schematic representation of impact ionization in a direct band-gap semiconductor. Note: CB = conduction
band and VB = valence band.

process terminates when all the free carriers are swept out of the high-electric-field region. In the end, one ini-
tial electron or hole generates M extra e—h pairs, where M is called the multiplication gain of the photodetector.

A generalized theory regarding the impact ionization phenomena in semiconductor materials has been
developed by Baraff [20] in terms of threshold ionization energy (E;), optical phonon scattering energy (E,),
and carrier mean free path (1) limited due to optical phonon scattering. However, Baraff’s expression for the
impact ionization could be evaluated only numerically. A simple expression for the ionization parameters
of the charged carrier in a semiconductor as a function of an electric field and a lattice temperature has been
developed by Okuto and Crowell [17, 19]. They expressed the ionization parameters in terms of a power-series
expansion of the functions of an electric field (F), optical phonon energy, carrier mean free path due to optical
phonon scattering, and threshold energy for ionization. By fitting Baraff’s numerical results for @ and f versus
electric field at low field values and imposing energy conservation conditions, Okuto and Crowell obtained a
semi-analytical expression for ionization coefficients. The expression is given by

2
F Eig' 1.14 Eig' 1.14 Eie‘ 2
a =T explo2r7( =) | ]0217( =< 4| —en L (5.33)
Eie;h Ere;h Ere;h qF/le;h

where E;,;, denotes the threshold energy of electron and hole ionization, 4, and E,,..;, represent the mean free
path and average energy loss of carriers per collision, respectively, due to optical phonons. The temperature
dependence of « and f in the above relation comes from the temperature dependence of E;,.;, 4,.,, and E,,,.;
and is given below (Eg is for the case in InP, as an example)

363% 107 5

(T+162) (5-34)

E,(T) = 1.421 —

E.
ET) = E(D) s,
8

Eiho
E,(T)=E/T)-
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RrOe;h
/le;h = /IOe;h tanh <2k_T> )

RrOe;h
Ere;h = Eroe;h tanh < ZkT > 5

where Ay,.,» Ey..» and k are the carrier mean free path at T = 0K, average energy loss per collision for an
electron and a hole, respectively, and Boltzmann’s constant. E, is the semiconductor (e.g., InP) band gap, and
E,;, and E;;, are the electron and hole ionization energies at 0 K. From Eq. (5.34), the breakdown conditions
are expected to be temperature independent in the low-temperature limit.

The mathematical description of the avalanche multiplication has been well documented [21-24]. The
theoretical research in these reviews is based on the assumption that the multiplication layer is thick, and the
multiplication process is continuous. Therefore, statistically, the discrete nature of the multiplication process is
averaged out. This is reflected, for example, in the fact that there is no “dead” space—a space where ionization
is impossible because the carrier has not acquired enough energy to initiate the multiplication process. Under
these assumptions, the multiplication occurs only in the multiplication region of thickness W (between 0 and
W). For details, see Fig. 5.16.

The electron component J,(x) of the total current increases, and the hole component J, i (x) of the total current
decreases along the positive x-direction. The rate equation for J, (x) and J,,(x) in this case can be written as

(%Jn(x) =ax) - J,(x0) + p(x) - J,(x) + g - G, (5.35)
—in(x) = a(x) - J,(x) + p(x) - J,(x) + g - G(x), (5.36)
dx
electric field
J(0) I, (W)
<+ «—
P N
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Figure 5.16 (a) Avalanche multiplication within a multiplication region of thickness W and (b) gain along the x-direction
for the cases > f and a < f.
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where G(x) is the space charge generation rate due to optical or thermal generation. The total current density
J=J,x)+ Jp(x) is a constant throughout the structure, to satisfy current continuity. Substituting this con-
dition into Egs. (5.35) and (5.36), and integrating both sides from 0 to W, the total current density can be
obtained in two equivalent forms:

J_ BN+ 3, exp [BON] + gexp (W) 1 Gy exp [p()]dx
1= [ Bexp [p(W) — dpx)]dx
S _ B Wexp =g+ 1,(0) + ¢ o G@)exp [~p))dx
1- fOW aexp [—¢p(x)]dx

, (5.37)

, (5.38)

where exp (— fox (a—=p) dx) = exp (—¢(x)). The multiplication gains with pure electron injection are J,(W) =
0, M,,, and with pure hole injection are J, (W) = 0, Mp, which can respectively be derived as

_J exp [¢(W)] _ 1 (5.39)
"0 W _ T W _ ’ )
WO 1= 1Y pexp W) — dldx 1 — [ aexp [~p(o)ldx
J | L expl-(W)] 540

PR - Y pexp (W) — gy 1— [V aexp [—po)ldx

Further, it can be shown that for both pure electron and hole injections, the breakdown condition when the
multiplication gain is infinite is the same. This condition is expressed as

w W
1- / aexp [—p()]dx =1 - / pexp [p(W) — ¢p(x)]dx = 0. 5.41)
0 0

It can also be shown that if « > f, then M,, > M s and vice versa. If the carriers with larger ionization coeffi-
cient are injected, then a higher gain should be obtained. This is also the condition for lower excess noise and
higher bandwidth. Note that the formalism for photogain presented above was based on the assumption that
the multiplication layer was thick. It did not take the discrete and statistical nature of the multiplication pro-
cess into consideration. More sophisticated theories for ionization multiplication can be found in the research
literature.

The multiplication gain described in Egs. (5.40) and (5.41) represents only the average gain. The avalanche
multiplication process is actually a stochastic process, and the statistical variation of the multiplication gain
is responsible for the multiplication excess noise associated with the current. The total mean square noise
spectral density can be described by

w w
I, =2q <2 [ 1, 0)M; + I, (W)M; + / G(x)M?(x)dx ] +1 [2 / [aM (x) dx — Mj]] > . (5.42)

0 0
Here, I is the total current. Eq. (5.42) can be simplified in the case of pure electron or pure hole injection as
(Iy)* = 2qL o M°F. (5.43)

Note that /,; is the primary photocurrent, M is the multiplication, and F is the excess noise factor, which in
turn is a function of the multiplication, device, and material parameters. If Ip is the total photocurrent, then

the expression for M is
I
M=2L (5.44)
IPO
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The expression for F is given by

M—1)
F=M- 1—(1—k)-(Miz) =kM1 - k)2 —-1/M). (5.45)
Here, k is replaced by either kg or ké P~
ky — k%
kegr = o5 (5.46)
ket
L = ]:—2, (5.47)
1
and W
P(x) - M(x)dx
k = f"W— (5.48)
/0 a(x) - M(x)dx
w
p(x) - M?(x)dx
ky = o (5.49)

SV o) - M2 0dx

For the case of a uniform electric field in the multiplication region, it turns out that k. = f/a and ké o= /P
From the computed results of excess noise factor F vs. gain M, it can be shown that, for lower excess noise,
the carriers with higher ionization coefficient should be injected. Also, the ionization coefficients for electrons
and holes should be significantly different for better performance of the APD. An APD provides gain with-
out the need for an amplifier. However, its main limitation comes from its bandwidth. Because of the long
avalanche build-up time, the inherent bandwidth of APDs is small. But APDs are very important because
their internal gain is suitable for long-haul communication systems with a minimum number of repeaters,
and also for dense wavelength-division multiplexing systems. Special structures can be used to improve the
high-frequency performance. Unlike pin-PDs, even for moderate or high applied bias, the absorption layer
may be at a low bias. This is because the multiplication layer should be under a high field for impact ioniza-
tion. Therefore, the absorption and multiplication regions should be decoupled. The separate absorption and
multiplication (SAM) structure with a bulk InP multiplication layer and an InGaAs absorption layer is shown
in Fig. 5.17. Here, the objective is to make avalanche multiplication occur in a wider band-gap layer, such as
InP, but for absorption to occur in a narrower band-gap layer, such as InGaAs.

To improve the performance of a SAM APD, a grading (G) layer is introduced in order to smooth out a band
discontinuity between InP and InGaAs. This reduces a hole pile-up at the interface and, therefore, improves
its frequency response at low biasing voltage [25—-27]. Next, a charge (C) layer is used to control the electric
field distribution between the absorption and multiplication layers. This is necessary because the electric field
should be high enough to initiate impact ionization in the InP multiplication layer, and low enough to suppress
ionization in the absorption layer, which could lead to a lower bandwidth. Depending on the particular design,
different layers can be merged to perform the same tasks. For example, the charge layer can be merged with the
multiplication layer, resulting in a very narrow multiplication layer. This leads to the SAGCM APD, which,
despite its complexity, has an electric field profile that can be optimized for gain—bandwidth performance. It
offers the most flexibility in terms of tuning the electric field profile for a particular application. Also, edge
breakdown is suppressed because the charge sheet density is higher in the center of the device due to the mesa
structure, which results in a higher electric field in the center of the device than in its periphery.

In order for this structure to operate properly as an APD, some practical conditions must be satisfied. For
example, the electric field at the InGaAs/InP heterointerface should be smaller than 15 V/pm at operating
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Figure 5.17 (a) Schematic structure of a planar SAM InP/InGaAs APD.

bias voltages to avoid significant tunneling currents at this heterointerface. The absorption layer should be
completely depleted with minimum electric field of 10 V/pm to ensure that the photogenerated carriers are
swept at their saturated velocities to the InP multiplication region at the operating bias voltages. Further,
the absorption layer width should be large enough to obtain good quantum efficiency by ensuring adequate
absorption, but not too large so as to increase unnecessarily the carrier transit time and reduce the bandwidth.
The maximum electric field in the InP multiplication layer should be larger than 45 V/pm to achieve significant
avalanche multiplication. And the doping concentration in the InP multiplication layer should be smaller than
2 x 107 cm™3 to avoid the large tunneling current [25, 26].

In [11] and [21], a manufacturable bulk InP avalanche photodiode suitable for 10-Gb/s applications was
introduced. It builds on the SAM structure with a bulk InP multiplication layer and an InGaAs absorption
layer. Then, three InGaAsP grading layers between the field control and absorption layer are included to
minimize hole trapping resulting from the valence band discontinuity that forms at an InGaAs—InP het-
erointerface. Also, edge breakdown is controlled by shaping the diffusion profile using a double-diffusion
technique to create a wider multiplication region with a higher breakdown voltage around the device periph-
ery. The back-illuminated geometry minimizes capacitance and dark current for a given optical coupling
diameter. This separate absorption, grading, charge, and multiplication (SAGCM) APD structure is one in
which the absorption, grading, charge, and absorption layers occur in sequence, as shown in Fig. 5.18, and it
has excellent optoelectronic performance characteristics.

5.3.8 Advanced Photodetectors”

The performance of photoreceivers can be improved by using some advanced photodetector structures. As
mentioned before, in the conventional surface-illuminated photodetectors, there is a trade-off between the
quantum efficiency and the bandwidth as thinner absorption layer results in a higher bandwidth (transit-time
limited) but a low quantum efficiency. Resonant cavity-enhanced (RCE) structures with a very thin active
layer are a possible solution as the thin layer gives rise to a large bandwidth, and the multiple passes of light
in the absorption layer in the resonant cavity increase the quantum efficiency [28—34]. A thin absorption
region is placed in an asymmetric Fabry—Prot cavity. The top and bottom reflectors, which can be fabricated
by distributed Bragg reflectors (DBRs), form the cavity. This is discussed in more detail in Section 5.3.8.1.
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Figure 5.18 (a) Schematic structure of a mesa overgrown planar SAGCM InP/InGaAs APD. (b) Schematic representa-
tion of the band profile within the active region without an applied bias voltage.

Another means to improve the quantum efficiency as well as the transit-time limited bandwidth is to use
edge-coupled structures. In this type of photodetector, the requirements for high efficiency and high band-
width are decoupled by illuminating the photodetector from the side of the absorption layer. Therefore, the
quantum efficiency is a function of the length of the absorption layer and not its thickness. So, a long thin
absorption layer is good enough to get high efficiency and concurrently, the transit-time limited bandwidth is
increased. Thus, the edge-coupled structure uses the attributes of waveguides [35—-40] to improve both speed
and quantum efficiency.

5.3.8.1 Resonant Cavity Enhancement

As mentioned earlier in this chapter, in a conventional surface-illuminated photodetector, there is a trade-off
between the quantum efficiency and the bandwidth, two of the most important characteristics of a photode-
tector. The response time or speed of the photodetector is limited by two time constants.

(1) First, we have the transit time, defined as the time taken by photogenerated carriers to travel through
the absorption region and to get collected by the electrical contacts. This time constant gives rise to a 3-dB
bandwidth called the intrinsic bandwidth because it is linked to the intrinsic properties of the photodetector
and the charge carrier.

(2) Second is the R,,,C, time constant, where C, is the photodetector’s capacitance and R, is the sum
of its equivalent resistance and the load resistance. This bandwidth is called the extrinsic bandwidth. The
3-dB bandwidth depends on the thickness of the absorption layer of the photodetector, and can be increased
by reducing this thickness. But a thin absorption layer which gives a large bandwidth (transit-time limited)
results in a low quantum efficiency.
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One possible solution to this trade-off is to use a RCE structure such as a Fabry—Perot cavity with a very
thin active layer for a large bandwidth, and multiple passes of light in the absorption layer in the resonant
cavity to increase the quantum efficiency. In this structure, a thin absorption region is placed in an asymmetric
Fabry—Perot cavity (see Section 3.3). The top and bottom reflectors, which can be fabricated by DBRs, form
the cavity. Below, we discuss some relevant details of the resonant cavity structure.

The Fabry—Perot cavity generally has two parallel mirrors comprised of quarter wavelength stacks (QWS)
with a periodic modulation of the refractive index. That is, we use alternating materials that have different
refraction indices in a multilayer form, which results in reflection at the interfaces. This multilayer structure is
exploited to create optical mirrors, which reflect the light back to the optical absorption layer, thus effectively
increasing the absorption width of the otherwise physically thin layer. Having mirrors on both sides of the
absorption layer, the light gets “trapped” in the “cavity” between the mirrors until absorbed. The resonant
frequency of a Fabry—Perot cavity is given by Eq. (3.43),

4 = 2L /integer, (5.50)
n

where A is the light wavelength in vacuum, n is the refraction index of the material in the cavity, so that
A/n is the light wavelength in the material, and L is the distance between the mirrors. Owing to the electro-
magnetic wave property of the light, the “cavity” of mirrors can cause constructive or destructive summation
of the waves, depending on the ratio of the distance between the mirrors to the wavelength of the light.
Therefore, the spectrum of the enhancement becomes a quasi-oscillatory function of the light wavelength.
The peak-to-valley ratio also depends on the energy loss between the mirrors, or more precisely, the photon
absorption. For particular wavelengths, there is electromagnetic resonance in the cavity, which is the origin
of the term “resonant cavity enhancement”.

The classical arrangement of a RCE photodetector structure shown in Fig. 5.19(b) has a DBR as the front
mirror on the side where the light is incident and a metal reflector as the back mirror on the other side for
better reflection. Both mirrors can be electrically conductive, or one can place additional conductive sheets on
the sides of the absorption layer with width W, and the photogenerated carriers are swept out by the bias of the
photodetector traversing the structure once, thus, the transit time of the photodetector is virtually unaffected
by the optical mirrors. A requirement is for the incident light to pass through the front mirror, and then to be
reflected by the front mirror when traveling back into the cavity. Unfortunately, such a “diode-like” behavior
of optical mirrors is not strong, although it can be achieved with proper selection of anti-reflection coating of
the surface of the photodetector. Therefore, the front mirror is semitransparent, having similar reflectivities
for incident and cavity light, Rg & R; < 1, and consequently, similar transmissivities (1 — R¢) & (1 = R;) < 1
in both directions. Ideally, the back mirror should have a very high reflectivity, R, ~ 1. The materials (Si and
Ge) in the cavity and in the absorption layer usually have similar refractive indices, weakly dependent on
bias and charge or doping concentrations; so, we can neglect reflections inside the cavity. For other materials,
this can be different; for example, in III-V semiconductors, organic semiconductors. The operation of the
photodiode in a RCE was analyzed in Ref. [41], and the responsivity is given in Refs. [41, 42].

Tpn qn
PZpt = {h_fo X [1 —exp (—aW)] x (1 —Rs)} X RCE,

where (5.51)

Ry
+ exp (aW)

RCE =

VRR, R|R,
— Z—exp(aw) cos 2L+ V¥, +¥,) + p (2aW)

with (gn/hf,)) the responsivity of the absorption material of infinite thickness, W the width of the absorption
layer with absorption coefficient a, and Rg ~ R, the reflection from the photodiode surface. Thus, (1 — Rg)
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Figure 5.19 Fabry—Perot resonator: (a) concept and (b) arrangement in a photodetector.

is the transmissivity of incident light into the cavity, R; and R, are the magnitudes of the reflections of the
front and back mirrors on both sides of the cavity, ¥; and ¥, are the phase shifts in the reflections introduced
by the mirrors (since the reflection in real mirrors is at a certain depth in the mirror, but not exactly from the
surface, especially for a DBR), L is the cavity length, and f = 2nzx /A is the propagation constant of the light
in the cavity with refraction index n. The terms in the curly bracket in equation Eq. (5.51) are the responsivity
of the photodetector without a RCE, and the second line describes the resonant cavity enhancement. The RCE
is a periodic function of L and A or, more precisely, their ratio. Constructive resonance in the cavity occurs at
the condition

QPL+Y, +W,) = (4nrL/A, + ¥, +V,)

=2z X integer in steps of halves of the wavelength, L

. 1[4
=1nteger><§ — . (5.52)

n
With this condition for resonance at a wavelength A, the RCE is maximum and is given by

1+ R, exp (—aW)

RCE,,, =
[1 - +/R,R, exp (—aW)]?
1+R, hen aW << 1, si (—aW) ~ 1
N, when a , Since exp (—a ~
(1 — /RR,)?
2

,when also R, = 1. (5.53)

(1 —=1/R))?
Thus, the RC enhancement increases with the reflectivities of the mirrors. However, the enhancement is in a
narrow optical “bandwidth” given by

1 _FWHM _ 1 = VRRyexp (=aW)
F~ FSR _n\/\/IWexp(—aW)
Nl—\/RT~1—\/RT
= N .

s when aW << 1,R, =% 1, and R — 1. (5.54)
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Here F is called the “finesse” of the resonator and F is the ratio of the “free spectral range” FSR = /1(2) /(2nL),
which is the spacing between RC enhancement maxima and the spectral FWHM, which is the opti-
cal “bandwidth.” The finesse in resonators corresponds to the quality factor Q- =2Af3s/f, in LC
(inductor—capacitor) electrical resonators at frequency f,, with 2Af;,4z being the 3-dB bandwidth around f,,
which is the same as FWHM. The principal difference between an LC resonator and a Fabry—Perot cavity
is that the LC resonator is a lumped-element resonator with only one resonance frequency f,, whereas the
Fabry—Perot cavity is a delay resonator with periodic resonance frequencies and spacing FSR between the
wavelengths corresponding to these frequencies. The last expression in Eq. (5.51) suggests that a high R,
is favorable for RC enhancement, e.g., R; = 0.9 would provide an RC enhancement =~ 750. However, the
narrowing of the bandwidth of RCE at high R, sets tight requirements for precision of distances in the
Fabry—Perot cavity, so that the inaccuracy 6; = (AL/L) < (0.5/F) of the resonator length is a fraction of the
RCE bandwidth.

Example 5.5

Given a high R; = 0.9 in the last approximate expression in Eq. (5.54), the RCE relative bandwidth is 1/F =
a- \/@)/ﬂ' = 1.6%. Using a conservative value for the refractive index of Si, n = \/(55i/50) = \/(1 1.9) ~
3.5, and choosing 4, = 850 nm, then for integer = 4, the resonator length is L = integer X 4,/(2n) = 4 X
850 nm/(2 X 3.5) ~ 486 nm. Consequently, to be within the resonance, the resonator should be fabricated
with inaccuracy AL < L X 0.5/F = 486 nm X 0.5 X 1.6% ~ 4 nm.

Comments: The fabrication of a stack of heterogeneous materials for two mirrors and silicon in-between with
accuracy of 4 nm is not simple. The materials might not be perfect, or the calculation might not be accurate,
in order to guarantee 0.8% accuracy; e.g., the refractive index of Siis not 3.5, but 3.65 at 4, = 850 nm, which
gives a much larger error of 4% in the calculation. Thus, we cannot really exploit RCE with large values. In
real structures, RCE is in the range of 10, partially because of inaccuracy and additionally because R, > 0.9
for the back mirror is also difficult to achieve (metals have reflections of about this value and DBR requires
more than four undulations of Si—SiO, for higher reflections from the Bragg mirror).

Another limitation for RCE is that the external quantum efficiency is not a monotonic function of reflections
and absorption in the Fabry—Perot cavity. The terms in Eq. (5.51) that determine the maximum RCE external
quantum efficiency #,,,,, as a ratio of the material quantum efficiency at the resonant condition

QL+ Y, +Y,) = (4naL/A,+ ¥, +¥,) = 27 X integer (5.55)

are arranged in the following equation:

Iph/Popt
hfo/an

_ [ —exp(=aW)][1 + R, exp (—aW)] (1 =Ry, (5.56)

[1 — \/R,R, exp (—aW)]2

with R¢ = R,. Eq. (5.58) is for the minimum RCE external quantum efficiency #,,;, as a ratio of the material
quantum efficiency at the antiresonant condition

nmax(4nL//10 =2X integer) =

QAL+, +V,) = (4nzL/A, + ¥, +¥,) = 7 + 27 X integer, (5.57)
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Iph/POpt
hfo/an

_U-epCaWil+Ryexp CaW)l | o (55,

[1+4 /R R, exp (—aW)]?

with Rg ~ R;. As follows from Eqs. (5.56) and (5.58), the undulation of RC enhancement between peak and
valley values, at resonance and antiresonance, is

Nmin(4nL/ g = 1 + 2 X integer) =

2
M | 1+ VRIR; exp (—aW)
1 — /R,R, exp (—aW)

_(1+VRE
“\1- VR R,

1+ /R,
= VR,
L E

T

< 4 I~
(1-vR)>  1-VR,
where the last line shows that the cavity finesse F' and RCE undulation #,,,, /%, between peak and valley
values are related, recalling the approximate relations in Eq. (5.54).

The behavior of RCE is illustrated in Fig. 5.20 and compared with a non-resonant photodetector. The hori-
zontal axis is reversed, considering that a particular photodetector has fixed width W of the absorption layer,
and the absorption coefficient decreases for longer wavelengths, thus, the left-hand sides of the plots corre-
spond to shorter wavelengths, while the right-hand sides correspond to longer wavelengths. The behavior of
RCE is discussed further below. At shorter wavelengths in photodetectors with thick absorption layers, the
product @ X W is larger than 1. In this case, the light is absorbed before reaching the back mirror, and the
RCE structure behaves identically with the non-resonant photodetector—all lines overlap for « X W > 3 in
Fig. 5.20 and the back mirror, if any, is irrelevant. Of course, a portion of the incident light is reflected by the
front mirror (or the surface of the photodetector), and we desire R; = Ry to be as low as possible.

At longer wavelengths in photodetectors with thin absorption layers, the product a X W is smaller than 1,
and RCE becomes relevant. If the back mirror is ideal (R, = 1, left-hand plot in Fig. 5.20), the resonance
in the Fabry—Perot resonator would help to increase the quantum efficiency (non-monotonic thin lines) and
even restore the ideal value #,,,, = 1 at condition exp (—aW) = \/R_l . However, real mirrors have reflection
R, < 1, and the decrease in back mirror reflection R, to 0.9 and 0.8 (still high) degrades the ability of RCE to
restore the quantum efficiency, as seen in the middle and right-hand plots of Fig. 5.20, especially for high front
mirror reflection R; (which is also the reflection from the photodetector surface, Rg = R,). The condition for
maximum quantum efficiency becomes a complicated expression:

1+R,[2exp (—aW) —1]
RiRy = ’

2—-(1=R)exp(—aW)
but tends to (R; X R,) = (1 —2aW) when («W) < 0.1 and R, > 0.8. In addition, if the resonator is not tuned
at the wavelength, then RCE will suppress the quantum efficiency, as shown with symbols on dashed lines in

Fig. 5.20. The suppression is less than 3 dB, which is not a dramatic decrease in responsivity, but we realize
that the RCE is not favorable if the cavity is not precisely tuned at the wavelength of interest, e.g., in cases of

Nmin

2
> , when aW << 1, since exp(—aW) = 1;

Q

2
) s when aW << 1, and also R, = I;

, when aW <<'1, R,=1, and R| — 1, (5.59)

(5.60)
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Figure 5.20 Resonant cavity enhancement (RCE max, non-monotonic thin lines) of photodetectors with Fabry—Perot
resonator as a function of the product « X W of the absorption coefficient a« and the absorption layer width W compared
with non-resonant photodetectors (thick lines, R, = 0) and suppression in RCE (RCE min, dashed lines with symbols)
for several reflections of the front mirror (R, = Ry, as indicated by labels on the lines) and back mirror (R, = 1, 0.9 and

0.8, in the plots from left to right).

»

“10 um

Figure 5.21 Cross-section of the oxide stack in a six-metal CMOS, around year 2000.

broad-spectrum photosensors for imager arrays, or by temperature and fabrication variations. Note that not
all the curves in Fig. 5.20 exceed unity, which means that RCE can only remedy incomplete absorption in

thin layers.
Submicrometer Si technologies usually have a thick stack of oxide layers, in the range of 3—10 pm as shown
in Fig. 5.21 from Ref. [43], since many metal layers need to be accommodated for electrical interconnections.
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Figure 5.22 Layer content corresponding to Fig. 5.21 around year 2000. (a) Thicknesses (in microns) and relative
permittivity of the layers. (b) Transmittance of the dielectric stack calculated at assumptions for uniform (upper plot) and
alternated (bottom plot) refractive index.

Apart from the problem of having an unobstructed optical path in the web of metal wires, the oxide stack is not
uniform but alternate silicon nitride and silicon dioxide layers in order to enable nanometer-scale lithography
and etching for metal wires and vias for electrical interconnection, as shown in Fig. 5.22(a). The optical
transmittance of the stack, being a multiplier in the external quantum efficiency, has been calculated in Ref.
[43] with two assumptions, as shown in Fig. 5.22(b). One assumption is to consider a nearly uniform dielectric
with an average refractive index, since the majority of layers have similar permittivity, thus \/E ~ \/ﬁ ~ 2.
Using this assumption, the external quantum efficiency of the photodetector is undulating between two values,
as shown in the upper plot. The bottom plot is the result from calculation with a transfer matrix method,
showing additional modulation with slowly varying components due to thinner cavities in the dielectric stack.
In either case, the spacing between minima and maxima can be estimated by FSR = (4?/ Lyp), where Lo, ~
(ZnL) =~ 19.5 pm, here, n is the refractive index. Depending on the wavelength A, the values of FSR are
between 9 nm and 32 nm. These values are relatively small for broadband light in natural scenes. Thus, the
RCE effects do not compromise the use of CMOS technology for imager arrays. However, for special cases
in spectrometry, it is clear that standard CMOS may not be the best choice.

5.4 Direct Detection Receivers

Fig. 5.23 shows the block diagram of a digital optical receiver. It has three parts: (i) front end, (ii) linear chan-
nel, and (iii) data recovery section (see Ref. [3] for more details). The front end consists of a reverse-biased
photodiode. The photodiode converts the optical data into electrical data. The output of the photodiode passes
through a preamplifier.
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The linear channel consists of a high-gain amplifier (Amp) followed by a low-pass filter (LPF). The LPF
is used to truncate the noise spectrum. Since the variance of receiver noise is proportional to the receiver
bandwidth, it is desirable to keep the bandwidth of a LPF sufficiently low. However, the LPF truncates the
signal spectrum too. The bandwidth of the LPF should be optimized so that the signal-to-noise ratio (SNR) is
maximum. Typically, the SNR is maximum if the receiver bandwidth is of the order of the bit rate frequency.
To have the best SNR, the receiver transfer function should be matched to the transmitted signal (see Chapter
8), which is hard to achieve in practice.

The data-recovery section consists of a decision circuit and a clock-recovery circuit. Suppose the bit pattern
at the input end of a fiber-optic link is ‘1011, as shown in Fig. 5.24. Some of these bits may be corrupted due
to the noise added by the fiber-optic link or by the receiver. Suppose that the peak current at the receiver is
100 mA and the threshold current is 30 mA. If the received current is more than 30 mA, at the sampling time
(usually at the middle of the bit interval), the decision circuit interprets it as ‘1’, otherwise the received bit is
zero. In the figure, the third bit transmitted is ‘1°, but because of the noise, the received current corresponding
to that bit is less than the threshold current. Therefore, the decision circuit interprets it as ‘0’, causing a bit
error. The sampling time for the decision is provided by a clock which is extracted from the received signal
using a clock-recovery circuit.

5.4.1 Optical Receiver ICs

To form a complete photoreceiver, the photodetector is integrated with a preamplifier. The most common
preamplifiers that are combined with photodetectors are built with either high-electron mobility transistors
(HEMTsS) or heterojunction bipolar transistors (HBTs).

Received : :
optical signal | — d
Photo Pre= : : Decision ata
AN —» ——] : LPF : .

diode amp |Amp [ R circuit

Clock

recovery
Front end Linear channel Data recovery

Figure 5.23 Block diagram of a direct detection receiver. LPF = low-pass filter.

Threshold
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»
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Figure 5.24 Bit patterns at the various stages of a fiber-optic system.
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54.1.1 pin-HEMT

Monolithic pin-HEMT photoreceivers were demonstrated in many research publications, for example, in
[44,45]. In [44], an InAlAs/InGaAs pin-HEMT was reported, where the HEMT epitaxial layers are fabri-
cated first and then the InGaAs pin-PD layers are grown. A schematic structure of this photoreceiver is shown
in Fig. 5.25. This photoreceiver has a good response of 1.6 Gb/s non-return-to-zero (NRZ) signals using a
standard common-emitter/common-collector amplifier. In [45], a transimpedance amplifier (TTA) configura-
tion with a feedback resistance of 500 € had a high sensitivity of —17.3 dBm with a monolithically integrated
pin-HEMT photoreceiver at 10 Gb/s for a BER of 10~ using a (2%} — 1) pseudorandom binary sequence
NRZ lightwave signal. The receiver bandwidth is 7.4 GHz. When an erbium doped fiber amplifier (EDFA)
was inserted before the pin-HEMT receiver, there was a significant improvement in its sensitivity (—30.6 dBm)
[45]. Also, a high-impedance design may produce a high performance if it is followed by a suitable equalizer.

54.1.2 pin-HBT

HBTs have several advantages compared with compound semiconductor FETs. For example, HBTs have
tremendous potential for high-speed circuits with very modest lithographic design rules. A monolithically
integrated front-end pin-HBT photoreceiver can be fabricated by first growing pin-PD layers and then growing
HBT epitaxial layers implemented with a single epitaxial growth technique and a self-aligned fabrication
technology. The advantage of this type of fabrication is that both pin-PD and HBT designs can be individually
controlled to obtain their optimum performance. Such a pin-HBT photoreceiver is demonstrated in Ref. [46],
where the receiver circuit incorporating a cascode preamplifier and capacitors showed a bandwidth of 2.8 GHz
and a sensitivity of —21 dBm. This technique has the disadvantages of increased parasitics and non-planarity.

The fabrication technique that uses shared-layer integration becomes attractive as shown in Fig. 5.26, where
the subcollector, collector, and base layers are the same as the n-, i- and p-layers of pin-PD, respectively [47].
This structure has the advantage of minimizing the number of growth layers.

Note that the photodetector and HBT designs are not completely independent. For example, the design
used in [49] for an integrated pin-PD and InP/InGaAs HBT photoreceiver is suitable for the HBT, but not
for the photodetector. The photoreceiver consisting of a pin-PD and a transimpedance amplifier operated at
2.5 Gb/s, though the amplifier bandwidth is as high as 19 GHz as the performance is limited mainly by the
characteristics of the photodetector.

For the heterojunction in the HBT, we can use InAlAs/InGaAs. In [50], an integrated InAlAs/InGaAs
pin-HBT transimpedance photoreceiver using a three-stage amplifier configuration results in an improvement
in the bandwidth (~7.1 GHz). In this preamplifier, the first stage is a TIA and the last two stages are emitter

p-ohmic
p-GalnAs J /Ti/Au
i-GalnAs . n-ohmic
- ate
n-GalnAs J / InAlAs
] InP SiN
" “ GalnAs
’ \ ) —InP
GalnAs pin-PD n-InAlAs/GalnAs
S.I InP HEMT

Figure 5.25 Schematic structure of a monolithic InAlAs/InGaAs pin-HEMT. Adapted from [44].
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Figure 5.26 Shared-layer monolithic pin-HBT . Adapted from [59].

followers. With an optimum choice of collector thickness and use of a booster inductance, the InAlAs/InGaAs
pin-HBT receiver achieved a bandwidth of 20 GHz [51].

Double heterojunction bipolar transistor (DHBT) configurations are superior to single heterojunction bipo-
lar transistor (SHBT) in terms of radio-frequency (RF) performance and breakdown voltage. In [52], a mono-
lithic pin-HBT receiver using DHBT of various collector thicknesses was fabricated. The collector layers are
composed of undoped InGaAs, pn pair doped InGaAs, and n-InP. With this double-heterojunction technol-
ogy, areceiver bandwidth of 26.7G Hz with a large transimpedance gain of 48.9 dBQ was obtained. However,
the SHBT structure with shared-layer integration has the advantage of fewer layers to fabricate, thus the cost
would be less. Therefore, suitable device design and circuits can be used to obtain improved performance
from SHBT systems. For example, using a (1 pm X 5 pm) HBT and a 9-pm diameter photodetector for a
monolithic pin-SHBT photoreceiver [53], bandwidths as high as 46 GHz were achieved. Using a common
base configuration as an input stage, further improvement in bandwidth was observed [54]. In [54], by a sim-
ple reduction of the photodetector’s area and an adjustment of the feedback resistance, a bandwidth of 60 GHz
was predicted.

54.1.3 MSM-HEMT

The integration of metal-semiconductor-metal (MSM) photo-detector and HEMT is usually based on
stacked-layer technology. A schematic diagram of the layers for an integrated MSM-HEMT photoreceiver
is shown in Fig. 5.27. As shown in Fig. 5.27(a), if the HEMT layers are grown over the MSM layers, the
structure may be termed a HEMT/MSM structure. Another possibility is, therefore, a MSM/HEMT config-
uration. The overall photoreceiver performance depends on the performance of each individual component.
In [55, 56], it has been shown that MSM/HEMT structures are superior to HEMT/MSM structures.

The intrinsic bandwidth of a MSM-PD is very high, and the main limitation of its high-frequency perfor-
mance comes from the preamplifier. The transimpedance amplifier configuration is a good choice with respect
to high bandwidth, wide dynamic range, and low noise at high frequencies. The feedback resistance is very
important in a TTA. It can be either a fixed metallic resistance formed on the substrate, or a voltage-controlled
variable resistance [55]. In [55], a two-stage variable TTIA with a common-gate HEMT was used as the feed-
back resistance (see Fig. 5.28). By adjusting the d.c. voltage to the gate of this HEMT, transimpedance gains
ranging from 55.8 dBQ to 38.1 dBQ with corresponding 3-dB cutoff frequencies from 6.3 GHz to 18.5 GHz
were obtained.

Noise consideration is a critical factor for the performance of the photoreceivers. It is usually expressed
in terms of the equivalent input current noise spectral density. Current noise spectral densities of 7.5, 8,
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Figure 5.27 Schematic structure of (a) HEMT/MSM and (b) MSM/HEMT. Adapted from [54].
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Figure 5.28 MSM and HEMT grown in parallel. Information for schematic taken from [57].

and 12 pA/Hz!/? were obtained for bandwidths of 6.3, 8, and 13.7 GHz, respectively in [55]. The noise per-
formance of a receiver in the case of a digital signal is usually defined by its sensitivity, or the minimum
detectable signal power in the presence of noise for a particular bit error rate (BER). As standard practice,
a BER of 107 is used for characterization of most receivers. For example, the sensitivity of an InP-based
MSM-HEMT photoreceiver described in [57] is measured to be —10.7 dBm at 10 Gb/s with 1 pm spacing of
the MSM electrodes. The noise performance is frequently shown by eye diagrams. The more open the eye is,
the better is the noise performance and, hence, the inter-symbol interference (ISI) is less.

Although the performance of InP-based structures is very good, the electronic device technology is more
established for GaAs-based structures. This significantly reduces their cost. Thus, GaAs-based structures are
more popular and attractive for commercial applications. Also, compared with pin-PDs, MSM-PDs have the
advantage of high intrinsic bandwidth, ultra-low capacitance, and easy planar integrability with HEMTs and
HBTs [59, 60].
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54.14 APD-HEMT

In [12], an optical APD photoreceiver operating at 10 Gb/s was introduced. The optical front end consists
of a SAM-APD and a TIA preamplifier constructed from HEMT devices using hybrid circuit techniques.
The planar InGaAs SAM-APD is back-illuminated and has a reflecting P-contact to maximize the quantum
efficiency. This photoreceiver had a maximum gain bandwidth of 75 GHz, a quantum efficiency of 80%, and
a parasitic capacitance of 13 pF. The three-transistor preamplifier uses a feedback resistance of 330 Q after
the second stage, while the third resistance is used to perform impedance matching to 50 Q. High sensitivity
of —29.4dBm at 10 Gb/s is achieved using a hybrid APD-HEMT photoreceiver [13]. A noise-matching net-
work between APD and HEMT amplifier stages helps to increase the sensitivity. It is implemented using an
InAlAs/InGaAs superlattice APD and HEMTs.

5.5 Receiver Noise

An optical receiver not only translates the data in the optical domain into an electrical domain, but it also adds
noise. Two important noise sources are (i) shot noise and (ii) thermal noise.

5.5.1 Shot Noise

As mentioned in Section 5.2.1, if the power of an optical signal in an interval 7 is P, it corresponds to a photon
rate of P/hf, where f; is the frequency of the light wave. In other words, the mean number of photons in this
optical signal is n = PT /hf,. Owing to the quantum nature of photons, the actual number of photons in the
interval T is random—sometimes more than n and sometimes less. For light from an ideal laser, the number
of photons in an optical signal of power P in a time interval 7" obeys the Poisson probability distribution [61]
p(n) = %'(_”), n=0,1,2, ... (5.61)
n!
Here, n is the number of photons. Fig. 5.29 shows the Poisson probability distribution. As can be seen,

the curve becomes broader as the mean photon number 7 increases. An important property of the Poisson
distribution is that the mean is the same as the variance,

<n>=c’=<n*>-<n>’=n (5.62)

Thus, if the mean number of photons is 16, the actual number of photons is approximately in the range
16 + 4. Next, let us consider an ideal photodiode with quantum efficiency # = 1. If n photons are incident on
this photodiode, the number of photocarriers generated is also n. Since the number of photons in an interval
T is random (even though the optical power is fixed), the number of photocarriers generated in that interval
is also random and it obeys the same Poisson probability distribution as the photon given by Eq. (5.61). For a
non-ideal photodiode (with quantum efficiency # < 1), the probability of the event that a photon incident on
the photodiode generates an electron—hole pair that contributes to the photocurrent is #, or the probability of
this event not happening is 1 — #. The randomly generated photocarriers lead to fluctuations in photocurrent,
which is known as shot noise. In summary, the noise component in a photocurrent has two contributing
factors. (i) Owing to the quantum nature of photons, the photon arrival times within an interval 7" are random,
which leads to ehp generation at random times. (ii) Not all the photons incident are absorbed, and not all the
photocarriers generated contribute to the photocurrent as there is a chance of recombination before reaching
the terminals of the photodetector. When an optical signal of power P; falls on the pin photodiode, the current
can be written as

I(t) = Ipc + ignoi (D), (5.63)
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Figure 5.29 Poisson probability distribution for different mean photon numbers 7.

where Ip~ = RP, is the deterministic part of the current and iy,.(f) is the noise component of the current due
to shot noise. The shot noise current iy, (f) is a random variable with zero mean, i.e., < iy, () >= 0. The
noise power dissipated due to iy, (f) in a 1-€ resistor is ifhm(t). The mean noise power is

N]

shot

—e 2 _ 2
=<iy (O >=o0y (5.64)
where oy, is the standard deviation and superscript 1 indicates that it is the noise power dissipated in a 1-Q
resistor. Thus, the variance is the same as the mean noise power dissipated in a 1-€ resistor.

The shot noise is a white noise process, and its power spectral density is constant. Using Eq. (5.62), it can
be shown that the PSD of the shot noise is [61]

Pshot ) = qlpcs (5.65)

where ¢ is the electron charge.

For simplicity, let us assume that the receiver is an ideal low-pass filter with bandwidth B,. The receiver
transfer equation A, (f) is given by
1, if |f| <B,
0, otherwise.

aH,f) = (5.66)

The shot noise generated in the photodiode passes through the rest of the receiver circuit. The PSD at the
receiver output is

Penoout ) = Panor DI (5.67)

The PSD refers to the mean power per unit frequency interval and, therefore, the mean noise power at the
receiver output (dissipated in a 1-Q resistor) can be obtained by integrating the PSD over frequency,

Nslhot = / pshot,out(f)df' (5.68)
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Using Eqgs. (5.65) and (5.66) in Eq. (5.68), we obtain

Nslhot=qIPC/ \H(NI*df

oo

=2qlpcB,. (5.69)
Using Eq. (5.64), we find the variance of shot noise as

2 _ !

O-shot shot

= 2glpcB,. (5.70)
Eq. (5.70) is valid for arbitrary filter shapes if the effective bandwidth B, is defined as

1

B.= 3 / ) \H,(f)|df . (5.71)

When the dark current /; is not negligible, Eq. (5.70) is modified as
Ogor = 24Upc + 1B, (5.72)
For APD receivers, the variance of shot noise is given by (see Section 5.3.7) [62]

o2 =2qM*F(RP; + 1,)B,, (5.73)

shot

where M is the multiplication factor and F is the excess noise factor.

5.5.2 Thermal Noise

Electrons move randomly in a conductor. As the temperature increases, electrons move faster and therefore
the electron current increases. However, the mean value of the current is zero since, on average, there are as
many electrons moving in one direction as there are in the opposite direction. Because of the random motion
of electrons, the resulting current is noisy and is called “thermal noise” or “Johnson noise”.

In the presence of thermal noise, the current in the receiver circuit may be written as

1) = Ipc + iermal (0 (5.74)

where Ip. is the mean photocurrent (deterministic), and iy, () is the thermal noise current.
For low frequencies (f < kzT /h), thermal noise can be regarded as white noise, i.e., its power spectral
density is constant. It is given by
pthermal(f) = 2kBT/RL’ (575)

where kg is Boltzmann’s constant, R; is the load resistance, and T is the absolute temperature. If B, is the
effective bandwidth of the receiver, the noise variance can be calculated as before,

Utzhermal =< itzhermal >= 4kBTBe/RL' (5.76)

Eq. (5.76) does not include the noise sources in the amplifier circuit, such as that coming from resistors and
active elements. Eq. (5.76) can be modified to account for the noise sources within the amplifier as [24, 63]
2 =d4kyTB,F,/R,, (5.77)

Uthermal

where F, is the amplifier noise factor.
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5.5.3 Signal-to-Noise Ratio, SNR

Let us first consider pin receivers. The mean signal power is
S=1I;.R, = (RP)R,. (5.78)
Using Eq. (5.72), the mean noise power dissipated in the resistor R; due to the shot noise current is
Ngot =< i?hot(t) > Ry =2q(Ipc + 1;)B.R;. (5.79)

Using Eq. (5.77), the mean noise power due to thermal noise is

Nipermat =< iR >= 4TB,F,,. (5.80)
The total mean noise power is
N= Nshot + Nthermal = (O-szhot + 6t2hermal)RL' (5.81)
The SNR is defined as
mean signal power
SNR;, = g. pow
mean noise power
2
Sl
2 2
N O-shol + Gthermal
R2P?
= ! . (5.82)
[2q9(RP; + 1) + 4kzTF, /R, 1B,
For APD receivers, the signal power is
S = (MRP)’R, . (5.83)
Using Eq. (5.73), the SNR can be calculated as
(MRP,)?

[2gM2F(RP; + I,) + 4kzTF, /R, 1B,

5.6 Coherent Receivers

In the 1990s, coherent detection was pursued mainly because the fiber-optic systems were then loss limited.
Coherent receivers have higher sensitivity than direct detection receivers and, hence, coherent detection is
more attractive for loss-limited systems (see Chapter 7). However, with the development and deployment of
EDFAs in the mid-1990s, fiber loss was no longer a problem and coherent receivers were not pursued due
to the technical hurdles associated with aligning the phase and polarization of the local oscillator (LO) with
those of the received signal. Owing to the rapid advances in digital signal processing (DSP), coherent detec-
tion has drawn renewed interest recently [64—73]. The polarization and phase alignment can be performed
using DSP as discussed in Chapter 11, which is easier than optical phase-locked loop (PLL) used in 1990s’
coherent receivers. Unlike direct detection, coherent detection allows us to retrieve both amplitude and phase
information. The advantages of the coherent receiver are the following. (i) In the case of direct detection, the
detection process is nonlinear—photocurrent is proportional to the absolute square of the optical field. Since
the phase information is lost during the detection, it is hard to compensate for dispersion and polarization
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mode dispersion (PMD) in an electrical domain. In the case of coherent detection, the detection process is
linear—the complex optical field envelope is linearly translated into an electrical domain and, therefore, the
inverse fiber transfer function can be realized using DSP to compensate for dispersion and PMD. (ii) With
coherent detection, higher spectral efficiencies can be realized using multi-level modulation formats that make
use of both amplitude and phase modulation.

5.6.1 Single-Branch Coherent Receiver

In this section, we assume that the polarization of the received signal is perfectly aligned with that of the local
oscillator (LO), and we use scalar notation. The polarization effects are considered in Section 5.6.5. Let the
transmitted signal be

qr(t) = Aps(t) exp (—iw,t), (5.85)

where s(7) is the complex field envelope, w, is the frequency of the optical carrier, and A% is the peak trans-
mitter power. Let us assume a perfect optical channel that introduces neither distortion nor noise. However,
the phase of the optical carrier changes due to propagation, and the field amplitude may be attenuated. Let
the received signal be

q,(t) = A,.s(t)exp [—i(w .t + ¢,.)] (5.86)
and the local oscillator output be

where Alz_O = P, is the LO power, and ¢; o is the phase. These two signals are combined using a 3-dB
coupler and pass through a photodetector (PD), as shown in Fig. 5.30'. The photocurrent is proportional to
the absolute square of the incident optical field. Therefore, the photocurrent is

1) = Rllq,(t) + g0/ V2]

R .
=71 |A,5()]> + |ALo|? + 24,4 oRe {s(r) exp [—i(wpt + ¢, — 1 o)1)} (5.88)
where
CUIF = CUL. - a)LO (5.89)
Received [g,() + g oDIN2
qr(t) . signal 10
Tx > Optical > c > \?ﬁ P ESP
channel q,(0)

* qro() P

A%

Figure 5.30 Block diagram of a single-branch coherent receiver. Tx = transmitter, LO = local oscillator, C = 3-dB
coupler, PD = photo-detector, ESP = electrical signal processor.

! An unbalanced directional coupler can be used to combine the signals to maximize SNR [74]. In this section, a 3-dB coupler is used
for simplicity.
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is called the intermediate frequency. To obtain Eq. (5.88), we have used the formula
Re(X) = (X +X")/2. (5.90)

When the LO power P; , is much larger than the signal power A2, the first term in Eq. (5.88) can be neglected.
Since the LO output is cw, Aio is a constant and it leads to a d.c. component in the photocurrent which can be
removed by capacitive coupling from the photodetector to the front end of the electrical amplifier. Therefore,
the signal that goes to the front end can be written as

1,() = RA,A; oRe {s(t) exp [—i(wpt + ¢, — Pro)l}- (5.91)

With
P, =A2, (5.92)
Po=A2,, (5.93)

Eq. (5.91) may be rewritten as

1,(t) = R\/P,P;oRe {s(t) exp [—i(wpt + ¢. — P 0)]}. (5.94)

5.6.1.1 Homodyne Single-Branch Receiver

If oy = 0, such a receiver is known as a homodyne receiver. If o < 27B, where B, is the symbol rate, it
is sometimes referred to as intradyne. Otherwise, it is called a heterodyne receiver. For a homodyne receiver,
the phase of the received carrier ¢, should be exactly the same as the phase of the local oscillator. This can
be achieved using an optical phase-locked loop or it can be post-corrected using digital phase estimation
techniques (see Chapter 11). When the phases are exactly aligned (¢. = ¢; ), Eq. (5.94) can be written as

L,(1) = RPRe [s(1)]. (5.95)

where P = \/P,P| . If the transmitted signal is real such as that corresponding to binary OOK or PSK, the
real part of s(¢) has all the information required to retrieve the transmitted data. If the transmitted signal is
complex, as in the case of amplitude and phase-modulated signals, in-phase and quadrature (IQ) receivers are
required to estimate the transmitted information, which will be discussed in Sections 5.6.3 and 5.6.4. Note that
in Eq. (5.95), the responsivity R is multiplied by 4/P,.P; o. If we choose a very large local oscillator power,
Py . the effective responsivity, RP,, could be increased and, therefore, the sensitivity of the coherent receiver
was significantly larger than that of the direct detection receiver. This was one of the reasons for pursuing
coherent receivers in the 1980s. If the phase of the local oscillator is not fully aligned with the phase of the
carrier, Eq. (5.94) can be written as

1,(t) = RPyRe [5(1) exp (—iA)], (5.96)

where Ap = ¢ — ¢, is the phase error. If A¢pis 7 /2 and s(¢) is 1 within a bitinterval, 7,(f) = 0 and, therefore,
the phase error leads to bit errors.

Example 5.6

A BPSK-NRZ signal is transmitted over a fiber of length 100 km. The peak power of the signal at the transmit-
ter is 12 dBm. The fiber loss is 0.2 dB/km. Assuming that the receiver is a homodyne single-branch receiver,
find the peak current if (a) LO power = 10 dBm, (b) LO power = —10 dBm. Assume R = 0.9 A/W.
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Solution:
The power at the transmitter,
P;(dBm) = 12 dBm.

Fiber loss,
loss(dB) = 0.2 dB/km x 100 km = 20 dB.

The power at the receiver,
P, (dBm) = P;(dBm) — loss(dB) = (12 — 20) dBm = —8 dBm.

(a)
P, o(dBm) = 10 dBm,

P = 10%1PLolB™ mw = 10 mW,
P, = 10%1P4Bm) mw — (,1585 mW.
For a BPSK signal assuming rectangular NRZ pulses, s(¢) takes values +1. From Eq. (5.95), we have
Peak current = |I;| = Ry/P,.P; o = 0.9 X \/m mA
=1.1331 mA.
If we use Eq. (5.88) after ignoring the d.c. term, we find the peak current as
lI| = RP,/2 + R\/P,P.o, = 1.204 mA. (5.97)

Note that |/| = |I,|. The difference |/ — 1| is known as intermodulation cross-talk.
(b)
P; o(dBm) = —10 dBm,

P o = 100710 mwW = 0.1 mW,
[I; =0.9v0.1 X0.1585 = 0.1133 mA.
The peak current |/| after ignoring the d.c. term is
|I| = RP,/2 + R\/P,P; 5 = 0.1846 mA. (5.98)

In this case, the intermodulation cross-talk is comparable to /.

5.6.1.2 Heterodyne Single-Branch Receiver

When the frequency offset between the transmitter laser and LO is in the microwave range, the signal 7,(¢)
given by Eq. (5.91) may be interpreted as the message s(f) modulating the microwave carrier of frequency wy.
Let us assume that s(7) is real and Eq. (5.91) can be written as

L,(6) = Iys(1) cos (gt + Ad), (5.99)
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where [, = RP,,. The corresponding signal spectrum is shown in Fig. 5.31(b). Suppose the bandwidth of the
signal s(7) is wg /27 (Fig. 5.31(a)). The bandwidth of 1,(7) is 2wy, as shown in Fig. 5.31(b). The photocurrent
1,(¢) in a homodyne receiver is proportional to s(¢) and, therefore, the bandwidth of the homodyne receiver
circuit is approximately wp /27, whereas the signal spectrum is centered around @y in the case of a hetero-
dyne receiver with bandwidth wy/z. Therefore, the bandwidth of the heterodyne receiver circuit should be
approximately (o + wg)/(27). The large bandwidth requirement is one of the disadvantages of the hetero-
dyne receiver. The signal /,(¢) is multiplied by a microwave oscillator whose phase is aligned with that of
1,(?), as shown in Fig. 5.32. The resulting signal is

) Iys(1)
1,(t) = Iys(t)cos” (wpt + Ad) = = {1+ cos [2(w + AP)]}. (5.100)

The first term on the right-hand side of Eq. (5.100) corresponds to the baseband and the second term cor-
responds to a signal with its spectrum centered around 2wy, as shown in Fig. 5.33. If we introduce a LPF

o]
A

o

< o5 > Angular frequency
(@)

|7
A LhS(w)/2

.
T Ll

E Wp Angular frequency

e — — (—

(b)

Figure 5.31 (a) Signal spectrum at the transmitter. (b) Signal spectrum after the photo-detector.

sl cos(wpt + Ag)

sy cos? (@t + Agp) Iys(t) /2
Heterodyne e R
receiver X w LPF >
front end
cos(wgt + Ag)
MLO

Figure 5.32 Block diagram of a single-branch heterodyne receiver. MLO = microwave local oscillator, LPF = low-pass
filter.
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Figure 5.33  Signal spectrum after multiplication.

with its bandwidth roughly equal to the bandwidth of s(r) (= wp/27), shown in Fig. 5.32, we can remove the
spectrum centered around 2wy After passing through the LPF, the final output is

Iys(1)

2 k
which is proportional to the transmitted signal s(f). Historically, homodyne receivers required optical
phase-locked loops to align the phase of the LO with the received carrier. For heterodyne receivers, it is not
essential to employ the optical PLL to align the phase of the optical carrier with the phase of the optical
LO. This is because the phase of 1,(¢) can be arbitrary. However, the microwave LO phase should be aligned
with 1,(#) using an electrical PLL. The electrical PLL is easier to implement than an optical PLL. However,
with the advent of high-speed digital signal processors, phase estimation can be done in the digital domain
for homodyne/heterodyne systems and, therefore, analog optical/electrical PLL is no longer required (see
Chapter 11).

L) = (5.101)

5.6.2 Balanced Coherent Receiver

In the case of a single-branch receiver, the intermodulation cross-talk (|A,s(¢)|*> of Eq. (5.88)) can lead to
penalty unless the LO power is very large. This problem can be avoided by using the balanced receiver shown
in Fig. 5.34. The outputs of the optical channel and local oscillator are connected to a directional coupler
(DC). The directional coupler is a two-input/two-output device. The DC can be fabricated by bringing two
optical waveguides or fibers very close, as shown in Fig. 5.35. If the light is launched to the DC through
input port In 1 only, it gets coupled to the waveguide 2. The length L and spacing d can be chosen so that
at the output, the power is equally distributed between output ports Out 1 and Out 2. In this case, the DC
acts as a 3-dB power splitter. Let qji.n and q;’m be the optical fields at the input port In j and output port Out j,

respectively. The output fields when qizn = 0 can be written as

199" = 141/ V2, (5.102)
193" = 141/ V/2. (5.103)
When q " # 0, the DC can be designed such that the output fields can be given by [75]
g = (" - igM/ V2, (5.104)
45" = (=g + g5/ V2. (5.105)
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Figure 5.34 Block diagram of a balanced coherent receiver. Tx = transmitter, DC = directional coupler, PD = photode-
tector, ESP = electronic signal processing.

Waveguide 1

" W1 * Jout1 ¢,
d
q in * out
2 In2 [ > Out2 92
Waveguide 2

— —

Figure 5.35 Directional coupler.

In other words, the transfer function of the DC is

11 =i
Tpe = — [_i 1’] . (5.106)

V2

In Fig. 5.34, the received signal field and local oscillator output are the input fields of the DC. The DC
outputs with these inputs are

1" = {A,s(0) exp [~i(@.t + )] — iAL g exp [=i(@y o + Py o)] /2, (5.107)
G3" = (—iA,s(t) exp [—i(@,t + b)] + AL exp [—ilwpof + P}/ V2. (5.108)
The outputs of the DC are fed to two identical photo-detectors. The photocurrents are given by
1,(1) = Rlgy"
= g{Aﬂs(mz +A], — 24,A oIm{s(?) exp [i(wpt + AP}, (5.109)
1_() = Rig3"?

= §{A3|S(’)|2 + A2+ 2A4,A  oIm{s(r) exp [~i(wpt + A} ). (5.110)
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L) = 1,(t) — I_(t) = —=2RA, A, oIm{s(t) exp [—i(wpt + Ad)]}. (5.111)

From Eq. (5.111), we see that the intermodulation cross-talk and DC terms are canceled because of the bal-
anced detection. For homodyne receivers, o = 0. When A¢ = z/2, Eq. (5.111) becomes

1,(t) = 2RPyRe {s(1)}. (5.112)

For binary modulation schemes, s(¢) is real and in this case the current is proportional to the received signal
s(t). For M-ary signals, s(¢) is complex and an IQ receiver is required, which is discussed in Sections 5.6.3
and 5.6.4. For a heterodyne receiver, the current /,(¢) should be multiplied by a microwave carrier, as is done
in Section 5.6.1.2.

Example 5.7

Repeat Example 5.6 assuming that the balanced receiver is used instead of the single-branch receiver. Com-
ment on the intermodulation cross-talk in a single-branch receiver and the balanced receiver.

Solution:
From Eq. (5.112), we have
|1,(0)] = 2RP,,
(a)
Py = \/P,P o = 1.259 mW,
[L;(H)] =2%0.9 X 1.259 mW = 2.2662 mW.
(b)

Pio=0.1 mW,
Py = /P,P o = 0.1258 mW,
I1,(0)] = 2% 0.9 % 0.1258 mA = 0.2266 mA.

Since P} < P,, in the case of a single-branch receiver, the first term in Eq. (5.88) cannot be ignored. There-
fore, a single-branch receiver would have a significant amount of cross-talk. In contrast, for a balanced
receiver, intermodulation cross-talk is canceled out due to the balanced detection (see Eqs. (5.109)—(5.112)).

5.6.3 Single-Branch IQ Coherent Receiver

So far we have assumed that the message signal () is real. Now we consider a more generalized case, in which
s(t) is complex. The examples of complex signals are multi-level PSK and QAM. To recover the real part of
(1), the LO phase should be aligned with that of the optical carrier. Similarly, to recover the imaginary part of
s(1), the LO phase should be shifted by = /2(exp (iz/2) = i) with respect to the optical carrier. Fig. 5.36 shows
a block diagram of the single-branch 1Q coherent receiver. The received signal and LO outputs are divided
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Figure 5.36 Block diagram of a single-branch IQ receiver. PS = power splitter, C = combiner, LO = local oscillator,
PD = photodetector, ESP = electrical signal processor.

into two parts using power splitters and are mixed together as done in Section 5.6.1. Let us first consider the
in-phase component. The optical input of PD1 is

(5.113)

t t
g = lqro qLO()]

valva v

The corresponding photocurrent after ignoring the intermodulation cross-talk and DC terms is (see Section
5.6.1)

L(1) = Rl qou I (5.114)
’A ——2Re (1) exp [—iwrpt + AD)]}
’A —LL |s5(1)| cos (gt + (1) + Ad), (5.115)
where
$(t) = |s(0)] exp [—ich, (D). (5.116)

The other part of the LO is 90° phase-shifted and is mixed with the received signal. The optical input of PD2
is

GouoD = (5.117)

wla)
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Note that i = ¢/ corresponding to a 90° phase shift as shown in Fig. 5.36. The corresponding photocurrent
is

Io(t) =Rl qoy 0l (5.118)
~ RA’A 2 Im{s() exp [—i(@ppt + Ap)]}
*A L9 |5(0)| sin (ot + ¢ (t) + Agh). (5.119)

To obtain Eq. (5.118), we have used the formula

2ilm{X} = (X — X"). (5.120)
For a homodyne receiver, o = 0 and when the phase mismatch A¢ = 0, we have
RA
L) = ”A LORe [s(1)], (5.121)
Iy = ’A — L [s(n)]. (5.122)

The electrical signal processing unit forms the Complex current /(1) = I;(1) + il o(t) = RA, A s(1) /2. Thus, the
transmitted complex signal could be retrieved. In Fig. 5.36, the components inside the rectangle constitute a
2 % 2 90° optical hybrid. It is a device with two inputs and two outputs, as shown in Fig. 5.37. The transfer
matrix of an ideal 2 X 2 90° hybrid can be written as

111
T= 3 [1 i] . (5.123)
Let the input of the 2 X 2 90° hybrid be
a=| 0 5.124
in [‘ILO(I)] ’ (5.124)

where ¢g,(7) and g o(¢) are the complex fields of received signal and local oscillator, respectively, as shown in
Fig. 5.37. Let the outputs of the 2 X 2 90° hybrid be

Qou = [q"”"] (5.125)
9out o
Now, Eqgs. (5.113) and (5.117) can be rewritten as
Qour = Ty (5.126)
PDI1
qy Qout,1 I
Tx » Channel _>_> _> yﬁ
2x2 90°
Hybrid ESP
dro Gou !
(B " e IR
PD2

Figure 5.37 Single-branch coherent IQ receiver using a 2 x 2 90° hybrid.
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Received signal

PS

2 x4 90° hybrid

PD1

PD2

[ 15

- PS

% Phase-shifter

PD3

ul.$i

m.\?t

[

PD4

Iog=1Iy, ~Io

ESP

I=1 ~1)-

—» ESP

Figure 5.38 Block diagram of a balanced 1Q receiver. DC = directional coupler, PS = power splitter, LO = local

oscillator, PD = Photodetector.

5.6.4 Balanced IQ Receiver

It is straightforward to modify the block diagram of Fig. 5.36 to obtain the balanced IQ receiver, shown in

Fig. 5.38. The inputs of DC1 are

in __
q, =

<||Q
[\) ~

do

N

in
49, =

The transfer function of DCI1 is given by Eq. (5.106),

Therefore, the output of DC1 is

1 |1 —i
TDC=—[. ]
\/5—11

qout — Tdc qin ,

out __

1 .
q, = E[Qr —igi ol
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1, .
4" = 5=, + auol. (5.132)
out
Q" = al (5.133)
qgut

The photocurrents I, and I,_ can be calculated as in Section 5.6.2. Proceeding as before, the quadrature
current /) is given by

lo=1lpy — 1y (5.134)
= —RA,A; olm {s(t) exp [—i(wpt + AP)]}. (5.135)
For the I-branch, the LO output is phase-shifted by 90°. The in-phase component of the current is
L=I,-1_ (5.136)
=RA,A; oRe {s(t) exp [—i(wpt + AP)]}. (5.137)

For homodyne receivers, o = 0. When A¢ = 0, from Eqgs. (5.136) and (5.134), we find

I} = RAA pRe {s()}, (5.138)
Iy = —RA,A oIm {s(D)}, (5.139)
I=1,-ily = RA,ALos(1). (5.140)

The components inside the rectangular line constitute a 2 X 4 90° hybrid. The transfer matrix of the 2 x 4 90°
hybrid can be written as

T= . (5.141)

Let the output of the 2 x 4 90° hybrid be ~
Tou
e

qout — ‘3)111 . (5.142)

qOU[

4
qout_

Now, the input—output relationship of the 2 x 4 90° hybrid can be written as

q™ = Tq™. (5.143)

Example 5.8

Repeat Example 5.7(a) with the BPSK signal replaced by the QPSK signal. Let s(f) be 1437 /4. Find the
in-phase and quadrature components of the current of a balanced 1Q receiver.
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Solution:

s(r) = €57/* = =L +l—

VA

P, =0.1585 mW,

PO = \/PrPLO = 1.259 mW.

From Eq. (5.138), we find the in-phase component of the current as
I; = RPyRe [s(1)] = 0.9 X 1.259 X =L mA = —0.8012 mA.
2
From Eq. (5.139), we find

Iy = —RPyIm [s(5)] = —0.9 X 1.259 X é mA = —0.8012 mA.

5.6.5 Polarization Effects

So far we have ignored the state of polarization of light. In this section, we consider the optical signal modu-
lated in orthogonal polarizations. Let the transmitted signal be

qr = [q”] , (5.144)
qT,y
where

AT .

QT,X = TSx(t) €Xp (_la)ct), (5145)

2

AT .

qry = —=s,(1) exp (—iw.1), (5.146)

V2

s,(t) and s,(¢) are the data in x- and y-polarizations, respectively. In fiber, the propagation constants of x-
and y-polarization components are slightly different due to a possible asymmetry in fiber geometry and, as
a result, these components acquire different amounts of phase shift. Besides, because of the perturbations
during the propagation, there is a power transfer between the x- and y-components. These effects can be taken
into account by a channel matrix (see Chapter 2):

M. M

M= [ - X”] : (5.147)

M, M,y

The output of the fiber-optic link may be written as
q, = [q”"] = Mg, (5.148)
qr,)?

Gry = Mgy + Mgy, e, (5.149)
Gy = M qr, + M, g7 Je', (5.150)
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where ¢,. is the common phase of both polarizations. Owing to fluctuations in ambient properties, the matrix
M changes with time. Typically, the rate of change of the matrix elements of M is much slower than the
transmission data rate. Therefore, the matrix elements can be estimated using digital signal processing, which
is discussed in Chapter 11.

Let the output of the local oscillator be

Qo = [qLO”‘] : (5.151)
qLO,y
A
GLoj = —=exp [—i(@ ot + Pro)l. j=xory. (5.152)

V2

Fig. 5.39 shows a schematic of the receiver. The x- and y-components of the received field and LO output are
separated using polarization beam splitters PBS1 and PBS2, respectively. The x-components of the received
field and the LO output are combined using a2 X 4 90° optical hybrid and pass through the four photodetectors
as discussed in Section 5.6.4. With w;z = A¢ = 0, the outputs /; , and ], , are given by

— RATALO

II,)( 2

Re [M, s, +M,s,], (5.153)

xyTy

II+,x
PBS1 ?t
qr \ qr,x : + I[‘X
I -
qr,y gt I-x
2 x4 90°
optical hybrid Ioix
PBS2 ?t
40 1 Iy
—_ \ >
qLOx
Lo,y \? t lo-x

FA

2x4 90° t
optical hybrid ? t

Y

25

Figure 5.39 Block diagram of a dual polarization IQ receiver PBS = polarization beam splitter, LO = local oscillator.
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RAA
Iy, = —%Im [M,.s, + M,s,]. (5.154)

The complex photocurrent corresponding to x-polarization is

L=1, —ily, (5.155)

_ RAZA
— M5+ My, (5.156)

Similarly, the y-components of the received field and LO output pass through a second balanced IQ receiver.
Its outputs are

RA;A
Ip.= T2 LORe [M,,s, + Myys,], (5.157)
RA7AL o
0y =""">5 Im [M,,s, + M,,s,]. (5.158)
The complex photocurrent corresponding to y-polarization is
=1, —ily, (5.159)
RA
72 0 (M5, + M5, ]. (5.160)
Egs. (5.156) and (5.159) can be rewritten as
Rirdio \M M| fsi) _ (1| (5.161)
2 My, My, | [sy Iy

In the DSP unit of the coherent receiver, the matrix elements of M are adaptively estimated and its inverse is
calculated (see Chapter 11). Multiplying Eq. (5.161) by M~!, we find

[sx] -2 M H (5.162)
§ RA7A o y

y

Thus, the transmitted data can be estimated using Eq. (5.162).

Example 5.9
Repeat Example 5.8 with a polarization modulated (PM) QPSK signal given by

_ s 147:/4]
S [sy] [1457r/4'

Assume M to be of the form Lo
— —aL/2
M [O 1] e s

www.EngineeringEBooksPdf.com



242

Fiber Optic Communications

where « is the fiber-loss coefficient and L is the transmission distance. From Eq. (5.161), we have

RA-A
= T2 LO e—aL/st
_RA A,
= Tsx
RP,

= —Sx

2
_0.9%1.259
B 2

127/4 mA = 0.566.27 /4,

I, = Re (I,) = 0.4006 mA,
Iy, = —Im(I,) = —0.4006 mA.

Similarly,
RATALO —al/2
y = Te d Sy
_RA Ao
=
RP,
=2 Y
_ M 1457 /4 mA = 0566257 /4,
I, = Re (I,) = —0.4006 mA,
Iy, = ~Im (I,) = 0.4006 mA.
Exercises

5.1 Compare qualitatively the features of a direct detection receiver with a coherent detection one.

5.2 Discuss the strengths and weaknesses of pn, pin, and Schottky barrier photodiodes. Which one would
you choose for a 10-Gb/s fiber-optic receiver? State the reasons for your choice of structure.

5.3 Compare the characteristics of avalanche photodiodes and pin photodiodes. Which one would you
choose for a 10-Gb/s fiber-optic receiver? If the bit rate is increased to more than 40 Gb/s, would your
choice remain the same or would you switch to the other photodiode. Why?

5.4 Avalanche photodiodes can be made as in the following structures: normal pn junctions, SAM, SACM,
and SAGCM. Compare and contrast the characteristics of each structure. Which structure is most

suitable for a low-Gb/s fiber-optic receiver?

5.5 Discuss the key design features of a RCE photodiode.
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5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

Compare vertical illumination RCE, edge-coupled, and waveguide-coupled photodiode structures. Dis-
cuss how each structure addresses the bandwidth—quantum efficiency trade-off. Discuss also their ease
of manufacturing.

The band-gap energy of diamond and silicon carbide is 5.5 eV and 3.0 eV, respectively. Determine their
long-wavelength cutoff values.

A 500-nm light source delivers 10 pW of power uniformly on a photodetector with a photosensitive
area of 400 pm?. Determine the light intensity in W/cm?. Next, determine the photon flux per unit time,
that is, the number of photons/cm?/s. If the quantum efficiency of this photodiode is 90%, what is its
responsivity?

A large-area photodiode has a radius of 200 pm and is used to detect light at 650 nm. When illuminated
with light at 100 pW/cm?, 60nA of photocurrent flows in the detector. Determine the photodiode’s
responsivity and quantum efficiency.

Given the responsivity of a photodiode of 0.6 A/W for light at 900 nm, what is its quantum efficiency?
For the same quantum efficiency, if the wavelength is decreased to 400 nm, what is the new value of
the responsivity?

The wavelength of the laser diode in a music CD player is ~800 nm and the ideal responsivity of the
photodiode is ~0.6 A/W. If the laser diode emits 2 mW, how much current flows in the photodiode?

The refractive index of silicon is 3.5. If light is incident from air onto a silicon photodiode, how much
of it is lost through reflection. Describe quantitatively how you would reduce this reflection loss.

The noise equivalent power (NEP) of a photodiode is defined as the ratio of the root-mean-square
(r.m.s.) noise current to its responsivity. If the current in a photodiode is 1 nA (gives shot noise), its
shunt resistance is 0.5 GQ (gives thermal noise), and its responsivity is 0.6 A/W, then for a bandwidth
of 1 Hz, determine the total noise current (in A) and the NEP (in W). The electronic charge is 1.6 X
10~'° C and Boltzmann’s constant is 1.38 X 10723 J/K. Assume that the photodiode is operating at
room temperature or 300 K.

A commercial silicon photodiode has a responsivity of 0.6 A/W at 850 nm and a NEP in a 1-Hz band-
width of 40 fW. Determine the total r.m.s noise of the photodiode.

Plot the excess noise factor F versus multiplication M for various values of the ratio of ionization
coefficients k (where k = a/f) is varied from O to 1.0 in steps of 0.1. Comment on your results.

The impact ionization for electrons and holes is given by

oF E\ L4 o\ L4 2 E 12
)= — 0217 =2 - 0.217( = ! 5.163
wp=fentoan() -\ loan(E) | +[E]T e
with
E, A
e tanh (E,, /2kT), (5.164)

where F is the electric field, E; is the threshold energy, 4 and A, are the mean free path, and E, and £,
are the optical phonon energy at temperatures 7 K and 0 K respectively. Given that E,, = 28.4 meV
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and for electrons: 4, = 55 A, A, = 100 A, E;, = 0.682¢V, and for holes: 4, = 56 A 4, =112 A and
E;;, = 1.2¢V, plot the ionization coefficients versus 1/F? for F between 10° V/cm and 4 X 10° V/em.

5.17 Explain the different types of noise mechanism in a pin receiver.

5.18 Explain the differences between homodyne and heterodyne coherent receivers. Which of these
receivers requires a larger bandwidth?
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6

Optical Amplifiers

6.1 Introduction

The optical amplifier may be considered as a laser without feedback, or one in which the feedback is
suppressed. In the 1980s, optical amplifiers were not commercially available and long-haul fiber-optic
communication systems used electrical amplifiers to compensate for the fiber loss. The optical signal was
first converted to the electrical signal (O/E conversion) using a photodetector and then converted back
to the optical domain (E/O conversion) after amplification in the electrical domain. However, this type of
optoelectronic regenerator is expensive for multi-channel optical communication systems. With the advent of
optical amplifiers, the optical signal can be amplified directly without having to do O/E and E/O conversion.

There are different physical mechanisms that can be used to amplify the optical signal. In semiconductor
optical amplifiers (SOAs), an electrical pump (power supply) is used to achieve population inversion. In the
presence of signal photons that have energy close to the band gap, electrons are stimulated to recombine with
holes and, thereby, emit photons due to stimulated emission. Thus, the input signal photons are amplified.
In EDFAs, an optical pump is used to achieve population inversion. In the presence of signal photons, the
erbium ions in the excited state emit light by stimulated emission and make transitions to the ground state. In
Raman amplifiers, an optical pump gives up its energy to create a signal photon of lower energy and the rest
appears as molecular vibration (or optical photons). This is known as stimulated Raman scattering (SRS). If
a signal photon of lower energy is already present, it is amplified by SRS.

In this chapter, we focus mainly on three types of optical amplifiers: (1) the semiconductor optical amplifier,
(2) the erbium-doped fibers amplifier, and (3) the Raman amplifier. In each case, the physical principles,
governing equations, noise amplifications, and practical applications are discussed. From Sections 6.2 to 6.5,
we consider a generic amplifier and the system impact of noise is discussed. In Sections 6.6 to 6.8, we focus
on specific amplifiers.

6.2 Optical Amplifier Model

In Sections 6.2 to 6.5, we consider a simple amplifier model in which the amplifier magnifies the input power
by a factor of G and adds white noise, as shown in Fig. 6.1. Let the signal field envelope at the input and
output of an amplifier be y;, and vy, respectively. They are related by

Your = \/Ewin (6 1)

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Yout (= ‘/El//in) +n

Figure 6.1 Simple amplifier model.

or
Pout = |Wou[|2 = Glu/inlz = GPins (62)

where G is the amplifier power gain. The amplifier adds noise n(#) and the total field envelope at the amplifier
output is

Wiot = Vou + 1) = VG, + n(1). 6.3)

The gain is provided by the stimulated emission and the noise in the amplifier is mainly due to the spontaneous
emission, which is discussed in the next section. We assume that the samples of n(¢) are identically distributed
Gaussian complex random variables.

6.3 Amplified Spontaneous Emission in Two-Level Systems

The light wave generated due to stimulated emission has the same polarization, frequency, and phase as that
of the incident wave, whereas the light wave generated by spontaneous emission has random phase and fre-
quency, and it propagates in all directions. The spontaneously emitted photons are amplified by the amplifier
and this is known as amplified spontaneous emission (ASE). ASE is the main source of noise in the amplifiers.
The mean number of photons at the output of an amplifier of length L is given by (see Appendix A)

(L) = ny(0)G + (G = 1), (6.4)

where n,,(0) is the mean number of photons at the amplifier input (z = 0), G is the amplifier gain, and n, is
the spontaneous emission factor or population-inversion factor, given by
e (6.5)
ng, = ———, .
sp _ N1

where N| and N, are the population densities at state 1 and 2, respectively. Eq. (6.4) is of fundamental signifi-
cance. The first and second terms on the right-hand side represent the photon gain due to stimulated emission
and spontaneous emission, respectively. When there is full population inversion, Ny = 0 and ng, = 1. This
corresponds to an ideal amplifier. For a realistic amplifier, Ny # 0 and ny, is greater than 1.

The mean number of photons ng,(G — 1) corresponds to the mean noise power P g, in the frequency range
of f;, to fy + Af in a single polarization (see Appendix A):

PASE,sp = nspth(G - 1)Af (66)

Here, the subscript sp refers to single polarization. The noise power given by Eq. (6.6) is the noise power per
mode. In a single-mode fiber, there are actually two modes corresponding to two polarizations. Therefore, the
noise power in two polarizations is

Pyseap = 2n,,(G — Dh foAf. (6.7
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The noise power per unit frequency interval is the power spectral density (PSD), which is given by

PASE,d
Paseap = —pr = 21(G = Dhfy (6.8)

Note that the PSD given by Eq. (6.8) is single-sided, i.e., the frequency components are positive. The power
spectral density is constant over the bandwidth Af < f), and the ASE can be considered as a white noise
process. The single-sided PSD per polarization is

PASE.sp = nsphf()(G - D. (6.9)

Example 6.1

An optical amplifier operating at 1550 nm has a one-sided ASE power spectral density of 5.73 x 10~!7 W/Hz
in both polarizations. Calculate the gain G. Assume ng, = 1.5.

Solution:
From Eq. (6.8), we have

pASE,dp = znsp(G - l)ths

c 3% 108
=—=—"———=193.55THz,
fo= 3= T550% 109 g
_ PasEdp
znsphfo
a 5.73 x 10717 o
2% 1.5%6.626 X 10734 x 193.55 x 1012

=150.

6.4 Low-Pass Representation of ASE Noise

The complex ASE noise field in a single polarization may be written as

¢, () = n(t) exp[—iCxfyt)], (6.10)

where n(r) is the slowly time-varying field envelope of noise. Taking the Fourier transform of Eq. (6.10),
we find

A(f) = ¢, (f —fo)- 6.11)

Note that ¢, () is a band-pass noise process, and n(z) is its low-pass equivalent. Fig. 6.2(a) and 6.2(b) shows
the absolute of the Fourier transform of ¢, (f) and n(¢), respectively. As can be seen, ¢3n(f ) occupies a spectral
region fy — B, /2 < f < f, + B,/2 and ii(f) is band-limited to B,,/2. Let us first consider the ASE noise as a
band-pass process with the single-sided PSD given by Eq. (6.9),

PasE.sp = Nphfo(G — 1). (6.12)

The noise power in a bandwidth of B, is

N = pASE,spBo' (613)

www.EngineeringEBooksPdf.com



250 Fiber Optic Communications

A
() [R(f)l

Jo 0
<« B,—» -« B,—»

(@) (b)

Figure 6.2 Fourier transform of (a) the complex noise field, (b) its envelope.

Fig. 6.3 shows the single-sided PSD of the band-pass signal ¢,,(1).
Next let us consider the equivalent low-pass representation. Since n(z) is the low-pass signal, its PSD, by
definition, is )
< |n >
_ fim O > (6.14)
T—o0 T
where T is a long time interval. Fig. 6.4 shows the low-pass representation of the ASE PSD. p]i;E 4 Can be
determined by the condition that the noise power in the low-pass representation should be the same as that in
the band-pass representation, as given by Eq. (6.13), i.e.,

N = pkl;E,spBO = pASE,SpB()’ (615)
pkgE,sp = PASE,sp = nspth(G -D. (616)

In other words, the double-sided PSD of the low-pass signal n(7) is the same as the single-sided PSD, pygg
of ¢,,(t). From now on, we omit the subscripts and superscripts and denote the PSD of the n(?) as pagg,

PASE = PRSp.p = PASEsy = Nyphfo(G = 1), (6.17)

PSD

Figure 6.3 Band-pass representation of ASE PSD.
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P ASE,sp
0
- B, >

Figure 6.4 Low-pass representation of ASE PSD.

6.5 System Impact of ASE

Consider an amplifier with gain G. Let p,gi be the power spectral density of ASE noise and y;, be the optical
field envelope at the amplifier input. We assume that the input of the amplifier is CW, i.e., y;, is a constant, and
consider the case of a single polarization. The impact of ASE for the case of dual polarizations is discussed
in Section 6.5.4. The optical field envelope at the amplifier output can be written as

Wiot = Wou T (D),

(6.18)

where v, = \/El//in is the output signal field envelope and n(¢) is the noise field envelope due to ASE. The
amplifier output passes through an optical filter, as shown in Fig. 6.5. Let the transfer function of the optical

filter be I:Iopt(f ). The noise output of the optical filter is

ip(f) = () Hop (F),

where

The power spectral density of ny(z) is

OF

Yin Yourt 7 ~

np(f) =Flnp@)],
a(f) = Fn(1)].

Pnp(f) = PASE|I:10pt(f)|2,

Vou + 1F

G VY]
</

1= R gy + npl?

EF

(6.19)

(6.20)

Iy

~v
~

Figure 6.5 A fiber-optic system consisting of an amplifier, an optical band-pass filter, a photodetector, and an electrical
low-pass filter. OF = optical filter, PD = photodetector, EF = electrical filter.
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and is shown in Fig. 6.6. The mean noise power is

Pse = < Inp(0)] >=/ Pu(Df = pASE/ RGN

= PaseB,» (6.21)
where

+oo
B, = / |Hop (N Pdf (6.22)

[Se]

is the effective bandwidth of the optical filter. Since the field envelope is a low-pass signal, we model the
optical band-pass filter as the low-pass filter. An ideal band-pass filter is modeled as an ideal low-pass filter
with the transfer function

Hyy(H)=1 for |f] <f,/2
=0 otherwise. (6.23)
Here, f,, is the full bandwidth of the optical filter. Using Eq. (6.23), Eq. (6.22) becomes

f0/2
B, = / af =f,. (6.24)
_fo/z

The optical filter output passes through the photodetector and the photocurrent / is proportional to the incident
power,

I =Ry + np()|?

= R[|Woul* + [np (01 + wou (D) + winp (). (6.25)
Let
]0 = R|W0ut|27 (626)
I_gp = Rlyou () + wounpl, (6.27)
Isp—sp = R|”F(t)|2- (628)
é 0 S A
; 2 () =prase|A [2
= N Pn = PASE|H,
2| P il o)
i ‘ ¢
PASE
> f ’ f

(a) (b)

Figure 6.6 Impact of the optical filter on noise: (a) absolute square of the filter transfer function, and (b) PSD of the
noise at the filter output.
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Now Eq. (6.25) may be written as

I= I() + IS‘ sp I?p—sp' (629)

Here, I, is a constant photocurrent, I;_,(¢) is the noise current due to signal-ASE beating, and I, g, is
the noise current due to ASE—ASE beating (nF(t)n;(t)). Since I, is the deterministic current, its variance
is zero and it only alters the mean of the photocurrent. Using Eq. (6.29), the mean and variance of I can be
calculated as

<I>=<[y>+<I_gy>+<[, > (6.30)
l=<I>>—-<I>?
= ze—sp + Gszp—sp + 2Rs—sp,sp—sp’ (631)
where

ol =<1y, >—<I_,>% (6.32)

o2 2 2
oy = <lopp > = < Iy > (6.33)
RS‘ —Sp.sp—sp =< Is splsp >—-< Is —sp >< Isp—sp > (634)

In Eq. (6.31), the first term and second term on the right-hand side represent the variance of signal— ASE beat
noise and ASE—ASE beat noise, respectively, and the last term represents the correlation between the two.
It can be shown that these two noise processes are uncorrelated and, therefore, the last term of Eq. (6.31) is
zero. Total variance may be written as

ot =0y, 400 o (6.35)

In the following subsections, we develop expressions for each of the terms.

6.5.1 Signal-ASE Beat Noise

In this section, we develop an analytical expression for the variance of /,_, (7). Let us first consider the case
in which the electrical filter bandwidth is much larger than B, and, hence, its impact can be ignored. Let

lVou[ |Wout| exp (lggu[) (636)
np = |ng| exp (ifg). (6.37)
‘We obtain
Woully + Woultr = [Woul g |[exp (IA0) + exp (—iA)]
= 2wyl lnp| cos (A6), (6.38)
where Af = 0, — 0. A0 is a random variable with uniform distribution in the interval [0, 2x]. Now, using
Eq. (6.38) in Eq. (6.27), the mean of Is_sp(t) is given by
<I_g) (1) >= 2Ry | < Ing| >< cos (A0) >=0, (6.39)
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since cos (A#) takes positive values with the same probability as it takes negative values. The variance is

o =<I>_ (1) >= 4Ry, |* < |np|* >< cos 2(A6) > . (6.40)

s—sp — s—sp

Using the following relation:
1+ cos (2A0)

cos 2(AQ) = 5 , (6.41)
and making use of Eq. (6.21), Eq. (6.40) becomes
11
07y =4R*P oy Prsp < 5+ 5 cos (240) >
=2R*P_ P k- (6.42)

Eq. (6.42) is an important result. We will use this result later in Section 7.4 to evaluate the performance of a
fiber-optic system consisting of a chain of amplifiers. Using Eq. (6.21) in Eq. (6.42), we find

07y = 2R Py pasB,- (6.43)

Eq. (6.43) may be rewritten as
Gsz—sp = 21l asE> (6.44)

where /g and I, are the noise current due to ASE and signal current, respectively, given by

Iasg = RPpsg = RppseB,, (6.45)

I, =RP,,. (6.46)

Next, let us consider the case in which the optical filter is absent, but the electrical filter is present. Let the
current /(¢) pass through an electrical filter with the transfer function H,(f). The signal—ASE noise current
before the electrical filter is given by Eq. (6.27),

Is—sp = R[l//outn*(t) + l[/(futl’l(t)]. (6.47)

Since the optical filter is absent, n(f) of Eq. (6.27) is replaced by n(#). Suppose n(?) is the input of the electrical
filter, its output would be

Agr(f) = A(OH, ). (6.48)

Therefore, if

s—sp(?) is the input of the electrical filter, its output is

Lo pr(t) = R[l//outnzF(t) + W negr®]. (6.49)

Eq. (6.49) is the same as Eq. (6.38) except that ny(¢) is replaced by ng;(¢). So, proceeding as before, the
variance may be written as
62 =2R?P,, < |ngp|* > . (6.50)

The mean noise power after the electrical filter can be calculated as follows. The power spectral density after
the electrical filter is

anp(f) = pASEli:Ie(f)lz- (6.51)
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The noise power is

< lngelP > = / PG

= 2pasgeB,. (6.52)
where
1 [ -
B.=3 / A ()1 df. (6.53)
Substituting Eq. (6.52) in Eq. (6.50), we find
Gs‘z—sp = 4R2P0utpASEBe' (654)
Eq. (6.54) may be rewritten as
Gf_sp = 2IoutIASE’ (655)

where I, and /g are the signal current and noise current in the electrical bandwidth of B,, respectively,
given by
Loy = RP oy, (6.56)

When the electrical filter is an ideal low-pass filter with cutoff frequency f,,

H,()=1 for |f|<f,
=0 otherwise, (6.58)

Eq. (6.53) becomes

1

B, = 3 /oo df =f.. (6.59)

Next, let us consider the case in which the bandwidths of optical and electrical filters are comparable. When
the optical filter is an ideal band-pass filter with full bandwidth £, and the electrical filter is an ideal low-pass
filter with cutoff frequency f,, the variance is (see Example 6.8)

Oyyp = 4R*P oy ppseBerrs (6.60)

S—sp

By = min{f,/2.f,}. 6.61)

Example 6.2

The ASE PSD of an amplifier p,gg is 1.3 X 107'® W/Hz. The gain of the amplifier G = 20 dB and the input
power of the amplifier is 10 pW. The output of the amplifier is incident on a photodetector with responsivity
R = 0.8 A/W. Calculate the variance of the signal— ASE beat noise. Assume that the receiver can be modeled
as an ideal low-pass filter with cutoff frequency f, = 7 GHz. Ignore the optical filter.
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Solution:
G(dB) = 20 dB = 10 log;((G).

The gain in the linear unit is
G = 109B/10 = 10p.

The output power of the amplifier is
P, =GP, =100x 10X 1070 W = 1 mW.
The variance of the signal—ASE beat noise current is

Gsz—xp =4R°P outPASESe
=4%x08°x1x1073%x13x107"0%x7x10° A2
=232x 1072 A2

6.5.2 ASE—-ASE Beat Noise

The absolute square of the ASE noise leads to the noise current /;,_,, known as the ASE—ASE beat noise
current given by Eq. (6.28). Analytical expressions for the variance of ASE—ASE beat noise for arbitrary
transfer functions of optical and electrical filters is discussed in Example 6.11. Here we consider a few spe-
cial cases. When the optical filter bandwidth B, is much smaller than the electrical filter bandwidth B,, the
impact of the electrical filter can be ignored and, in this case, the mean and variance are calculated as (see

Example 6.10)

< IS])—.Y[) >= RpASEBO’ (6.62)
ooy sy = R2pigiBs- (6.63)

When the optical filter is an ideal band-pass filter with full bandwidth f, and the electrical filter is an ideal
low-pass filter with cutoff frequency f,, the mean and variance are given by [1] (see Example 6.11),

< IS[J—Sp >= RpASEf()’ (664)

opesp = R0y = [ if [, <[
= RZpiS 02 otherwise. (6.65)
When f, < f,, Eq. (6.65) becomes
oy p = 2R P i ofo (6.66)

6.5.3 Total Mean and Variance

Let us assume that the optical and electrical filters are ideal filters with bandwidths f, and f,, respectively.
Since the mean of the signal— ASE beat current is zero, the total mean current is the sum of the deterministic
photocurrent given by Eq. (6.26) and the mean of the ASE—ASE beat current,

<I>=1Iy+ Rppsgf,- (6.67)
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From Eq. (6.35), we have

2_ 2
o —as_sp+

Using Eqgs. (6.60) and (6.65) in Eq. (6.68), we find

62 =R2pASEf0[2P0ut + pASEfo] if fo Sfe
=R2pASEfo[2P0utf0 + pASE(zfo _fe)fe] if fe <f0 < Zfe
= R*paspl4Poud, + Pase2f, —f)f,] otherwise. (6.69)

When the signal power P, is much larger than the noise power P,qg, the dominant contribution to the
variance comes from the signal-ASE beat noise. However, when the noise power is comparable with
the signal power, the second term in Eq. (6.68) becomes comparable with the first term, as illustrated in
the following example.

(6.68)

2
Oop—sp-

Example 6.3

An optical amplifier at 1530 nm has a gain G = 30dB and ny, = 5. The input power of the amplifier P, is
—27 dBm. Calculate (a) the variance of the signal— ASE beat noise current, (b) the variance of the ASE—ASE
beat noise current, and (c) the total variance. Assume R = 0.8 A/W, optical and electrical filters are ideal with
f, = 16 GHz and f, = 9 GHz. Repeat this example if P;, = —60 dBm.

Solution:
fo= % = 196.08 THz,

P, (dBm) = P, (dBm) + G(dB)
=—27 +30 dBm = 3 dBm,

Py = 10Pou@BW/10 My =2 1072 W

G = 1094B/10 = 1000.
From Eq. (6.17), we have
Pasg = Ngph fo(G —1)
=5x6.626 x 107* x 196.08 x 10> x (1000 — 1)
=6.48 x 1071 W/Hz.
(a) Using Eq. (6.60), we find
0's2—sp = 4R°P outP ASEBefts

B = min{f,/2,f,} = 8 GHz,

0y =4x0.8%x648%x 10710 x2x 107 x 8 x 10° A (6.70)
=2.657x 1078 A2, (6.71)
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(b) From Eq. (6.65), we have

Crpmsp = R P2, = L),
=0.8> % (6.48x 107192 x 2 x 16 — 9) x 10° x 9 x 10° A2
=5.56x 10711 A2,

(c) The total variance is

2
Otot = Gv—vp + O-cp—sp

=2.657%x 1078 +5.56 x 107! A?
~2.663 x 1078 A? ~ 52

s=sp-
When P;, is —60 dBm,
P, (dBm) = P; (dBm) + G(dB)
=—60 + 30 dBm = —30 dBm,

Py = 1070 @Bm/10 myy = 1076 w.

(@)
or » =4x08°x648x107'0x 107° x 8 x 10° A’
=1.328x 107! A2,
(b) 0' » 1s unaffected by the change in signal power, i.e.,

oy p =556 1071 A%,

2

(c) In this case, o;_,, is smaller than o2 The total variance is

—sp sp—sp*

o2, =6.89x 10711 A2,

6.5.4 Polarization Effects

So far, we have considered the signal and noise in a single polarization. Since a single-mode fiber has two
polarization modes, the electric field envelopes in x- and y-polarization components after the optical filter
may be written as

E. =y« + 05y (6.72)
Ey = l//out,y + nF,y’ (673)

where v, and n, represent the signal and noise outputs of the optical filter, respectively. The total power
incident on the photodetector is

= E 1+ 1E* = [Wou, x + 1> + Woury + 15,y 1% (6.74)
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Without loss of generality, we can assume that the signal field at the receiver is polarized in the x-direction
with a suitably chosen reference axis so that y,,, = 0. Now, Eq. (6.74) becomes

P = |yoy, o+ el + gyl (6.75)
The photocurrent is
I=RP (6.76)
= R{Wou, x| + Wour, 1 + Vou, o1px + g |* + g P} (6.77)
=ly+ 1, + 1, . (6.78)
where
Iy = RPyy = Rlwou, I, (6.79)
Iy = RWout, oM, Wour, £ 0)- (6.80)
Ly = Rnp [* + g ). (6.81)
Since Eq. (6.80) is the same as Eq. (6.27) with n replaced by ny. , we have
<I_g,>=0, (6.82)
O-sz—sp = 4R? ppsgPouiBer- (6.83)

Here, pag is the PSD of ny . np, and ny, are two independent noise processes. So, the mean ASE—ASE
beat noise current is doubled, i.e.,

<l >=2 < np,l* >= 2Rpspf,- (6.84)
From Eq. (6.81), we find
|4

<L, >=RA(< |np ' >+ < np |* > +2 < |np |* >< [ng |* >). (6.85)

Since < InF,xl’" >=< InF,yl’” > m=1,2,..,4, Eq. (6.85) reduces to

<Ly, >=2R< |np | > + < ng 7], (6.86)

ooy =<1Io, > =<1, > =2R[< |np|* > = < |np|*>?] (6.87)
= 2Ry 2, ~ S, if . <f, (6.88)
=2R%piqfs  otherwise. (6.89)

Note that the variance of the signal—noise beating with two polarizations given by Eq. (6.83) is the same as
that obtained earlier for the case of a single polarization. This is because the noise field can be split into two
polarization components: one aligned with the signal and the other orthogonal to the signal. The noise com-
ponent orthogonal to the signal does not interfere with it and hence the variance of the signal—noise beating
obtained in the two cases is identical. However, the mean and variance of the noise—noise beating current
are doubled compared with the single-polarization case since the amplifier noise power in both polarizations
leads to noise current. In Sections 6.5.1 to 6.5.3, we assumed that there is only one polarization. Such an
assumption is valid if a polarizer aligned with the signal polarization is placed before the photodetector that
removes the noise in the orthogonal polarization.
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6.5.5 Amplifier Noise Figure

The noise figure is commonly used to characterize the noise added by an amplifier. It is defined as the ratio
of the electrical SNR at the amplifier input to that at the amplifier output [3, 4],

(SNR)in

n= —(SNR)Out . (6.90)

See Fig. 6.7. Since (SNR),,, can never exceed (SNR);,, the noise figure is greater than unity. Note that the
SNRs appearing in the above equation are measured in the electrical domain using photodetectors at the input
and output of the amplifiers, and measuring the electrical signal and noise powers. To minimize the parameters
of the measurement unit entering into the definition of F,,, ideal photodetectors with 100% quantum efficiency
are used, and thermal noise is ignored. Let us first consider (SNR);,. When the incident power is P;,, the
photocurrent is

I

in = RPin’ (691)
where responsivity is given by Eq. (5.17),

_n _ 49
hfy hfy

assuming 7 = 1. Here, f;, is the carrier frequency. The electrical signal power delivered to a load resistor R; is

(6.92)

Sw=LR,. (6.93)

We assume that there is no noise in the optical signal before the amplifier. The noise power at the output of
PD; is due to the shot noise and is given by Eq. (5.79),
N,

S|

hot — 2q[inRLBe' (694)

Here, we have ignored the dark current. Therefore, we have

Sin RPin
SNR,, = —1 = (6.95)
Nshol ZqB

e

Next, consider SNR ;. The output optical power of the amplifier is

Py =GPy, (6.96)
Pin > G Poul > \\‘\‘kﬁ SNRoul
Y PD 2
P Vs —>
™~ SNR,,

PD 1

Figure 6.7 Measurement of the amplifier noise figure.
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and the corresponding photocurrent and electrical signal power are

I, = RGP, (6.97)
Sout = (RGPy, )Ry, (6.98)

respectively. The noise power delivered to a resistor R; consists mainly of two components. They are due
to shot noise and signal—ASE beating noise. In this analysis, we ignore the ASE—ASE beating noise and
assume that the optical filter is absent. The total noise power can be obtained by adding the shot noise given
by Eq. (6.94) and the signal—ASE beating noise power given by Eq. (6.60),

Nout = WNshot + Ns—sp
=2gRP R, B, + 4R% p o P BR;.. (6.99)

Note that the power spectral density of the ASE noise in Eq. (6.99) is in single polarization. Although the
amplifier adds noise in both polarizations, the noise in the polarization orthogonal to the signal polarization
does not interfere with the signal to generate signal—ASE beat noise. The SNR at the output of PD, can be
written as

SNR — Sout — (RGPin)zRL
o N [q + 2Rpase2RGP, B, R,

out
RGP,
=— 1 (6.100)
Substituting Eqgs. (6.95) and (6.100) in Eq. (6.90), we find
_ RP;, (9 + 2Rpasg)2B,
" 2gB, RGP,

+2R
= 4T Pase (6.101)
Gq
Using Eq. (6.92), Eq. (6.101) can be written as
pase = (GF, — Dhfy/2. (6.102)
The power spectral density p,gg can also be expressed in terms of ng, (see Eq. (6.17)),
Pase = ng(G — Dhfy. (6.103)

Equating the right-hand sides of Eqs. (6.102) and (6.103), we find an expression that relates the amplifier

noise figure and spontaneous emission factor n,,

2n,(G-1) 6.104
=+ —. :
n G G ( )
When G > 1,
F, = 2ng,. (6.105)

Since the minimum value of ng, is 1, the lowest achievable noise figure is 2. The noise figure is expressed in
dB units as
F,(dB) = 101log |,F,. (6.106)

When ng, = 1, F,, = 3 dB, which corresponds to an ideal amplifier with the lowest ASE noise.
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Example 6.4

An optical amplifier at 1550 nm has a noise figure of 4.5 dB. The signal output of the amplifier is 0 dBm,
which is incident on a photodetector. Calculate the amplifier gain if the standard deviation of the signal—-ASE
beat noise current is 0.066 mA. Assume R = 0.9 A/W, B, = 7.5 GHz, and the optical filter is absent.

Solution:
P, (dBm) = 0 dBm,

Py = 10Pou@BW/10 iy — 1 mw,

From Eq. (6.54), we have

2

Os_sp (0.066 x 10_3)2
PASE = 75 = > 5 — W/Hz
4R°B,P,, 4x0.9°x75x%x10°x1x10
=179 x 107" W/Hz,
F, = 10f@®/10 = 5 818,
fy= % = 193.55 THz.
Using Eq. (6.102), we find
Pl -16
=L PASE+1 _ 1 2% 1.79 x 10 +1) =992
F, \ hf, 2.818 \ 6.626 x 10734 x 193.55 x 1012

6.5.6 Optical Signal-to Noise Ratio

The noise added by an amplifier is characterized by the noise figure, which is the ratio of electrical SNRs
at the input and output of the amplifier. The noise added by the amplifier may also be characterized by the
optical signal-to-noise ratio (OSNR), defined as

OSNR = mean signal power

- - - . (6.107)
mean noise power in a bandwidth of 0.1 nm

At 1550 nm, 0.1 nm corresponds to B, = 12.49 GHz and the mean noise power in the bandwidth of B is

opt
Pase = 2paseBopis (6.108)
_ Pout
OSNR = . (6.109)
Pyse
Or in decibels,
OSNR (dB) = 101og;,OSNR, (6.110)

The factor 2 is introduced in Eq. (6.108) to account for two polarizations. Note that B, is not the same as
the effective bandwidth of the optical filter B, defined in Eq. (6.22). B, is a reference bandwidth used in the
definition of OSNR, which may or may not be equal to B,,.
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Example 6.5

An amplifier operating at 1545 nm has a gain G = 25 dB, F,, = 6 dB, and input power P;, = —22 dBm. Cal-
culate the OSNR in a bandwidth of 12.49 GHz.

Solution:
Pout = GPin’
P, ,(dBm) = G(dB) + P;,(dBm)
=25dB —22 dBm
= 3 dBm,

Pout — IOPout(dBm)/lo mW

=2 mW.

From Eq. (6.102), we have
PASE = (GFn - 1)%,
F, = 10f@B/10 — 3 98
G = 109UB)/10 = 31622,

@ 3x 108

o= 30 = Tsa5x 10

= 194.17 THz,
Pasg = (316.22 X 3.98 — 1) X 6.626 x 107>* x 194.17 x 102 /2 W/Hz
=8.09 x 107" W/Hz
B,y = 12.49 GHz,

Poi 2% 1073

OSNR = = 989,

OSNR(dB) = 10log ;o(OSNR) = 29.95 dB.

6.6 Semiconductor Optical Amplifiers

A semiconductor optical amplifier (SOA) or semiconductor laser amplifier (SLA) is nothing but a laser oper-
ating slightly below threshold. The optical field incident on one facet is amplified at the other accompanied
by the ASE. The SOAs can be divided into two types: (i) cavity-type SOA or Fabry—Perot amplifier (FPA),
(ii) traveling wave amplifier (TWA).
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6.6.1 Cavity-Type Semiconductor Optical Amplifiers

Let the power reflectivities of mirrors M; and M,, shown in Fig. 6.8, be R, and R,, respectively. Assuming
that the power is conserved at each mirror, the corresponding power transmittivities at mirror M; are given by

T,=1-R, j=12. 6.111)

The optical field transmitted at A is #;y;,, where y;, = 1/P;, and || = \/Tj j=1,2. Let g be the gain
coefficient and a;, be the cavity internal loss. The net gain coefficient is g, = I'g — a;,,,, where I is the overlap
factor introduced in Eq. (3.109). As shown in Fig. 6.9, the partial optical field y, at B after a single pass is

Wo = Winl11,\/ G exp (i), (6.112)

where ¢, = 2znL/ A is the phase-shift due to propagation, n is the refractive index of the gain medium, and
A is the free-space wavelength. In the small-signal limit, the single-pass gain is

G, = exp(g,L). (6.113)

A fraction of the optical field is reflected at the mirror M, and then at M. After one round trip, the partial
field at B is (see Fig. 6.9)

13
Y1 = Wil 1ar 5[\ Gy exp (i1, (6.114)
M|« L > M,
Vin A B Yout
— > Gain medium
R, R,

Figure 6.8 Cavity-type semiconductor optical amplifier.

Yout

Figure 6.9 The optical signal output of the amplifier is the sum of the partial fields due to repeated reflections.
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where |r;| = \/F, j = 1,2. After j round trips, the partial field at B is

Wi = Winli (1 rY VG, exp i)+, (6.115)

The total field output at B is the superposition of partial fields,

Wou = D, ¥; = 1iyin /G, expidyy) D 1, (6.116)
j=0 j=0
where
h =rr,G,exp(i2¢). (6.117)

The summation in Eq. (6.116) is a geometric series and if

|hl < 1, (6.118)
we have .
YK = 1 (6.119)
4 1—-h
j=0
Therefore, Eq. (6.116) becomes
Vi tlt2 V Gs .
Vou = —1 —— P (id). (6.120)
The overall gain G is defined as
2 t1%4,1*°G
G(f) — |Woul|2 — | ll | 2| s(f) ) (6121)
[Win [1 = AOIT = h*()]
Using Eq. (6.117 ), Eq. (6.121) can be rewritten as
1-R)(1-R)G
G — (1= R)(1 = R)G,(f) | 6122
1+ R R,G2(f) — 24/R R, G (f) cos (2¢b)
Using the relation
cos (2¢g) = 1 — 2sin 2(,{)0, (6.123)
Eq. (6.122) can be put in a different form:
1-R)(1 -R)G
6y = — U=RV-RIG() 6120
(1 = RG,)? + 4RG sin 2(2znfL/c)
where R = /R R, is the geometric mean of facet reflectivities. From Eq. (6.124), we see that the peak gain
occurs when 2anfL
n
T g, m=0,+1,42, ... (6.125)
c
or e
= e 6.126
" 2nL ( )

which is the same as the resonant frequency given by Eq. (3.44). Therefore, the cavity-type optical amplifier
amplifies any input signal whose frequency is matched to the resonant frequency f,, of the cavity. The peak
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gain occurs when the signal frequency is equal to one of the resonant frequencies given by Eq. (6.126), and
it is given by
(I =R\ = R)G(f)

Gooak = 6.127
peak (1 — RG,)> (6.127)
The separation between two peaks is known as the free spectral range (FSR):
FSR =1 ~fy = 5. (6.128)

Fig. 6.10 shows the gain of the amplifier as a function of the frequency of the input signal. When the phase
accumulated in a round trip is 2mz, the partial fields add up coherently, leading to signal amplification. As the
frequency of the input field deviates from the resonant frequency, mc/2nL, the gain decreases. Fig. 6.11 shows
the gain within a free spectral range for different values of R. As can be seen, as R decreases, the bandwidth
increases and the peak gain decreases. For example, on a hot day, if you leave your car outside with all the
windows closed, it becomes too hot (large gain) because of the repeated reflections of radiation within the car.
If you open one of the windows, the reflectivity is reduced, which lowers the gain. The common characteristic
of cavity-type amplifiers is that there exists a trade-off between gain and bandwidth. To see that, let us first
define the half-width at half-maximum (HWHM) as the frequency deviation Af from f,, at which the G(f)
becomes half of the peak gain, G(f,,), i.e.,

G(f + A) = 0.5G ey (6.129)

c/(2nL)

20 T

Gain, G (dB)
)
T
|

Frequency (THz)

Figure 6.10 Gain of a cavity-type SOA vs. frequency. When the signal frequency coincides with one of the resonant
frequencies of the cavity, the gain is maximum.
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20

18 —

16 — : —

Gain, G (dB)
=
I
|

| |
1.935 1.935 1.935 1.935
Frequency (THz) x 104

1
1.935 1.935 1.935

Figure 6.11 Gain—bandwidth trade-off in cavity-type SOA.

Using Eq. (6.127), Eq. (6.124) can be written as

Gpeak
G(H) = - . (6.130)
1 +4RG sin 2Q2anfL/c)/(1 — RG,)?
Using Eqgs. (6.129) and (6.130) and noting that 2znf,,L/c = mz, we obtain
2 A 1 — RG,)?
sin 2 ( 2ZALn Y _ ol (6.131)
c 4RG,
The FWHM is defined as 2Af. The FWHM is also known as the 3-dB bandwidth. From Eq. (6.131), we have
¢ . _1 ) 1-RG;
Jf3ag =241 = sin . (6.132)
: nln 24/RG,

In obtaining Eq. (6.132), we have assumed that the single-pass gain G, varies much more slowly with fre-
quency compared with variations of G, and G, can be treated as a constant. From Eq. (3.39), it follows that
at the threshold the total cavity loss equals the net gain, i.e., RG,; = 1. Since |h| = RG,, Eq. (6.118) corre-
sponds to the situation where the amplifier is biased below threshold and the expression for the gain given by
Eq. (6.124) is valid only if RG, < 1. Typically, the amplifier is biased slightly below threshold and 1 — RG,
is much smaller than unity. Using sin x 2 x, for x < 1, Eq. (6.132) can be approximated as

¢ 1-RG,
LR 55— :
2nln /RG,

From Eq. (6.127), we find that the peak gain increases as RG, approaches unity. However, from Eq. (6.133), it
follows that the 3-dB bandwidth becomes quite small under this condition. Thus, there is a trade-off between

(6.133)

www.EngineeringEBooksPdf.com



268 Fiber Optic Communications

gain and bandwidth. As an example, consider R; = R, = 0.3, G, = 2.5, and L = 300 pm. Using Eqgs. (6.127)
and (6.132), we find G, = 20 and f; 45 = 36 GHz. For optical communication systems, the desired amplifier
bandwidth is typically greater than 1 THz and, therefore, a cavity-type semiconductor amplifier is unsuitable
as an in-line amplifier for high-bit-rate optical communication systems. In addition, they are very sensitive to
fluctuations in bias current, temperature, and polarization of the incident field [5].

Example 6.6

In a cavity-type SOA, the cavity length is 500 pm, R; = R, = 0.32, and the peak gain is 15dB. Find the
single-pass gain and the 3-dB bandwidth. Assume n = 3.2.

Solution:

G = 15 dB,

peal
Gpea = 106k /10 = 31 6,

From Eq. (6.127), we have
(1 = RG)*Gyey = (1 = R))(1 = Ry)G,,
1+0.32°G? - 2x0.32G, = 0.0146G,,

or

0.1024G> — 0.6546G, + 1 =0.

This quadratic equation has solutions
G, =252 or 3.86.

Eq. (6.127) is derived under the assumption that |4| < 1 or RG, < 1. When G, = 3.86, RG, > 1, and therefore
it is not consistent with Eq. (6.127) and this solution is rejected.
The 3-dB bandwidth is given by Eq. (6.132),

; ¢ . _{1-RG,
= sin
3dB= 0 2/RG,
3% 108 . 1-032%x2.52
Sin ———
7% 500 % 106 x 3.2 2(0.32 x 2.52)1/2

6.44 GHz.

6.6.2 Traveling-Wave Amplifiers

From Fig. 6.11, it can be seen that as R decreases, the bandwidth increases. In the limiting case of R = 0,
Eq. (6.124) becomes G = G, i.e., the overall gain is equal to the single-pass gain G,. This should be expected
since there are no partial fields due to round trips when R = 0. Such an amplifier is known as a traveling-wave
amplifier (TWA).
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It is useful to calculate the ratio of the peak gain to the minimum gain. From Eq. (6.124), we find that the
gain is minimum when sin 2¢, = 1, and it is given by

(=R = R)G(f)

in = , 6.134
and Gy, = Gpeqx- Using Eqs. (6.127) and (6.134), we find the gain ripple as
G 1+ RG,)?
AG = 2% = ( 3)2. (6.135)
Gmin (1 - RGS)
Or in decibels,
AG(dB) = G, (dB) — G,;,(dB). (6.136)

Fig. 6.12 shows the gain as a function of frequency of the input optical field and the gain ripple AG is the sepa-
ration between the points corresponding to the maximum and minimum gains. For example, when RG; = 0.9,
AG is 25.5 dB. The fluctuations in gain as a function of frequency are undesirable for wide-band amplifiers.
To keep the gain ripple quite small, RG; < 1, which can be achieved by reducing the reflectivities of the end
facets. To have AG < 3 dB, RG, < 0.17, which can be achieved by reducing the facet reflectivities.

From Eq. (6.135), we find that the gain ripple AG of an ideal TWA (R = 0) is 0dB and it has a large
bandwidth determined solely from the characteristics of the gain medium. However, in practice, even with
the best antireflection (AR) coatings, there is some residual reflectivity. Therefore, some authors [5, 6] use
the term nearly traveling-wave amplifier (NTWA) to denote an amplifier with RG, < 0.17. For a NTWA, the
gain ripple AG <3 dB. A NTWA has been fabricated with R = 4 x 107 [7] and it has a 3-dB bandwidth

25 | | | | | | |

RG,=0.9

20 | / |

15— —

RG,=0.17

AG=255dB

-5 | | | | | | |
1.935 1.935 1.935 1.935 1.935 1.935 1.935 1.935 1.935

Frequency (THz) % 10*

Figure 6.12 The gain ripple AG increases as RG approaches unity.
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about 9 THz and a gain ripple AG of about 1.5 dB. Owing to the non-resonant character of the NTWA, it was
found to be less sensitive to temperature, bias current, and input signal polarization fluctuations compared
with the FPA.

In order to reduce the reflectivities of the end facets, AR coatings may be applied to the end facets. The
optical field transmission at a dielectric interface is accompanied by reflection. However, if we deposit an
intermediate layer (AR coating) between the two dielectric media, it is possible to avoid reflections. In the
following section, the principle behind the AR coating is discussed.

6.6.3 AR Coating

The purpose of an AR coating is to avoid the reflection occurring at the interface between two dielectric
media. This reflection can be avoided by introducing an AR coating between the dielectrics with different
permittivities. Consider a three-layered dielectric medium as shown in Fig. 6.13. The optical field incident
from the left gets partially reflected at the interface 1 and the rest is transmitted. Let the reflected field at
the interface 1 be y,. At the interface 2, the field gets partially reflected again. Let the reflected field at the
interface 2 arriving at interface 1 be y,. If the reflected fields add destructively, there will be no reflection to
the left of the interface 1, i.e., y; + w, = 0. For destructive interference, the phase accumulated over a round
trip in the middle layer should be (2/ + 1)z,/ = 0,+1,+2, ... The acquired phase in a round trip is
4znyw 21+ 1)
w=——,

=Q2l+ 1)x or
0 4ny

¢ =2kw= (6.137)
where k, is the propagation constant of the middle layer with refractive index n,, A is the free-space wave-
length, and w is the width of the middle layer. Thus, by introducing a coating of width (2] + 1) 4, /4n, between
two media of refractive indices n; and ns, the backward reflection can be avoided and therefore the power of
optical signal transmitted to layer 3 is the same as the incident power to layer 1. The middle layer is known
as the AR coating. In the absence of the AR coating, the transmitted power is less than the incident power.
In some other application, it may be desired to have the power of the incident wave the same as the reflected
wave at interface 1 and no optical field should be transmitted to the medium with refractive index n5. To make
this happen, the field reflected at interface 2 should add in-phase with the field reflected at interface 1. In this

case, the phase accumulated over a round trip in the middle layer should be 2/z,/ = 0,+1,+2, ..., i.e.,
4mwn, [Ay
¢ = =2lr or w=—. (6.138)
ﬁo 2712

In this case, the structure shown in Fig. 6.13 acts as a dielectric mirror.

Interface Interface
1 2
ny n n3
Incident Transmitted
wave wave
< w >

Figure 6.13 Three-layered dielectric structure.
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The reflectivity of the AR coating is quite sensitive to the width w and refractive index n, of the AR coating.
To increase the tolerance, a multilayer AR coating can be used. The experimental results of Ref. [8] show that
the tolerances in w and n, of a single-layer AR coating for realizing the power reflectivity R < 1 x 1073 are
about +60° A and +0.05, respectively. The double-layer AR coating has larger tolerances, +90° A in widths
and +0.3 in refractive index, for the same power reflectivity as in the single-layer AR coating. In this section,
we have assumed that the optical field is a plane wave and as a result, we obtained a simple expression for
the width of the AR coating. However, in a waveguide, plane waves should be replaced by the modes of the
waveguide and the reflectivity should be calculated [8].

6.6.4 Gain Saturation

As the input signal power increases beyond a certain threshold, the gain G decreases for both cavity-type
FPA and TWA. This is known as gain saturation. This phenomenon can be explained as follows. When the
population inversion is achieved, the stimulated emission dominates the absorption. Since the stimulated
emission rate is proportional to photon density, a larger input signal power enhances the stimulated emission
and, therefore, the excited carriers are depleted and the gain decreases. Under steady-state conditions, we can
set dN, /dt to zero in Eq. (3.123) to obtain

N,
Go(N, = N, o)N,, + T— = — (6.139)

where
Gy=To,v. (6.140)

Simplifying Eq. (6.139), we find
1/qV + GONe,ONph

= ) 6.141
¢ GONph + I/Te ( )
(I/qv - Ne O/Te)reag
=0,N,—N,,) = - . 6.142
8 O-g( e e’O) GONphTe ¥ 1 ( )
Eq. (6.142) can be rewritten as r
Fg= — 50 (6.143)
1+ Nph/Nph,sat
where
8o=U/qV —N,y/7,)0,7,, (6.144)
1
Nph,sat = W (6145)
gY "%
The optical power P and photon density N, are related by (Eq. (3.136))
P = N,,hawyvA. (6.1406)
So, Eq. (6.143) may be rewritten in terms of P as
I
Fg=—50__ (6.147)
14+ P/Pg,
_ Poh (6.148)
sat I'o,z, ' '
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P, is known as the saturation power. When P < P, g = g. Therefore, g, is known as a small signal gain.
When P is comparable with P, g decreases. This is because, as the photon density increases, the stimulated
emission rate increases, which depletes the carriers in the conduction band and from Eq. (6.142) it follows
that g decreases as N, decreases. The evolution of power in the amplifier is given by

dp Ig
Z=(——_q)P
dz 1+P/P,,

_ P
* T P0)

The single-pass gain is

When the internal loss (a = 0) is small, Eq. (6.149) may be rewritten as

1+P/P,
(%) dP =Tgydz.

Integrating Eq. (6.151) from O to amplifier length L, we obtain

/P(L) [ 1 1 ] L
—+ —|dP= / I'gydz,
P(0) P Psat 0

PL) | PL) - P(O)
P(0) P

In

sat
Let
Gso = exp (rgOL)

I I I I
20— l——— Saturation region

oY
(=)

._.
o
T

Gain (dB)
S
T

o | | |

-15 -10 -5 0 5 10 15 20 25
Input signal power (dBm)

30

(6.149)

(6.150)

(6.151)

(6.152)

(6.153)

Figure 6.14 Dependence of gain on the input signal power. As the input signal power increases, the gain becomes

smaller. P, = 0 dBm, GS(J = 20 dB, and the internal loss is ignored.
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be the small signal gain. Using Egs. (6.150) and (6.153), Eq. (6.152) can be expressed as

(G, - 1>P<L>]

(6.154)
G‘vPsat

G, = GSO exp [
When P(0)(= P(L)/Gy) < Py, the exponent in Eq. (6.154) is close to zero and G, ~ G, . Fig. 6.14 shows
the gain G, as a function of the input signal power P(0). When P(0) exceeds P,,, the gain G, decreases from
its unsaturated value G,.

For a TWA, the overall gain G = G,. For a cavity-type SOA, the gain is given by Eq. (6.124). For both types
of amplifier, G decreases as the input power increases due to gain saturation. The saturation power for a TWA
is higher than that for a cavity-type SOA [7]. This is because the electron lifetime 7, is lower at higher carrier
density and from Eq. (6.147), we see that P, is inversely proportional to 7,. The carrier density is higher for
a TWA since G, can be much larger and still RGg < 1.

Example 6.7

A 1530-nm TWA has the following parameters:

Effective area of mode A = 5 pm?
Active volume = 7.5 X 10~'® m?
Carrier lifetime = 1 ns

Gain cross-section 6, = 7.3 X 1072 m?
N,o=35x 102 m™3

Overlap factor I' = 0.3

Calculate (a) the saturation power and (b) the bias current / to have the small signal gain coefficient g, =
4.82%x10° m™'.

Solution:
The saturation power is given by Eq. (6.148),

I, A
p. = oA (6.155)
sat FO-gTe
8
fo= = 32X 9608 THY, (6.156)

Jo  1530x 10~

6.626 X 1073* x 196.08 x 102 x 5 x 1012

B = W
““ 0.3%x7.3x10720% 1 x 10~°
=29.7 mW. (6.157)
The relation between g, and / is given by Eq. (6.144),
1 Ne,O
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N
I = [ 8o + ©0 qV
O'gTe Te
3 23
= it il +39X107 ) 602% 10710 x 7.5 % 10716 A
73%x 10720 x 1 x 10-° 1x10-°
=50 mA.

6.7 Erbium-Doped Fiber Amplifier

Optical fibers have the lowest loss around 1550 nm, and therefore the operating wavelength of long-haul
fiber-optic systems is around 1550 nm. It is desirable to have the signal amplification around 1550 nm. It is
found that Er** ions have an excited state which is separated from the ground state by the energy differ-
ence corresponding to a wavelength of ~ 1530 nm and, therefore, an information-bearing signal at the carrier
wavelength around 1550 nm can be amplified by means of stimulated emission if the population inversion is
achieved. Optical pumps at the wavelength of 980 nm or 1480 nm are typically used to achieve the popula-
tion inversion. Erbium-doped fibers (EDFs) are the silica optical fibers doped with erbium. Sometimes they
are co-doped with aluminum to increase the solubility of the Er**. Fig. 6.15 shows the structure of a typical
EDFA. The signal to be amplified is combined with the pump beam at either 1480 nm or 980 nm using a
wavelength-selective coupler (WSC). Semiconductor laser diodes are used as the optical pumps. For ruby
lasers or Nd—Yag lasers, a flash light with a broad spectrum can be used as the optical pump whereas for
EDFA, a flash light can not be used because the linewidth of the energy band that absorbs the pump is quite
narrow and therefore a semiconductor laser with narrow linewidth is used as the pump. In the EDFA, the
signal is amplified and the pump is attenuated. An optical isolator is used at the output end so that the reflec-
tions occurring at various points along the fiber-optic transmission lines after the EDFA should not interfere
with the signal inside the amplifier. The configuration shown in Fig. 6.15 is known as a forward-pumping
scheme. There are other configurations in which the pump propagates backward, or two pumps with one
pump propagate forward and the other propagates backward [1, 9].

6.7.1 Gain Spectrum

An EDFA has a very broad spectrum (~ 30nm). The broad bandwidth of EDFAs makes them useful in
WDM systems (see Chapter 9). If the excited level 2 does not have any energy sublevels, the optical signal
corresponding to the energy difference between the ground level and level 2 would be the only frequency

|—| EDF

Input signal ———» A ( ( ( ) ol — >
> solator >

,—> WSC Output signal

Pump

v

Figure 6.15 Erbium-doped fiber amplifier. WSC = wavelength selective coupler, EDF = erbium-doped fiber.
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component amplified. This corresponds to the very narrow (impulse) gain spectrum. However, level 2 is a
collection of sublevels. Broadening of the energy levels occurs when the erbium ions are incorporated into
the glass of optical fibers and, thus, the gain spectrum is also broadened. This broadening is both homogeneous
(all erbium ions exhibit the identical broadened spectrum) and inhomogeneous (different ions in different glass
locations exhibit different spectra). Homogeneous broadening is due to the interactions with photons of the
glass, whereas inhomogeneous broadening is caused by differences in the glass sites where different ions
are hosted.

6.7.2 Rate Equations*

Consider a three-level system as shown in Fig. 6.16. An optical pump beam of frequency w,, causes upward
transitions from level 1 to level 3. Let the population densities of the level j be N] j=1,2,3. The erbium
ions excited to level 3 relax to level 2 by spontaneous emission and non-radiative processes. In practice, it
is mostly non-radiative. The stimulated emission occurring between level 2 and level 1 is responsible for
the signal amplification. Let the lifetime associated with spontaneous emission and non-radiative processes
between any levels j and k be ;. First consider the gain and loss rates for level 3. The population density of
level 3 increases because of the net absorption of pump photons and it decreases because of the non-radiative
emission,
dN;
= =R + Ry + R, + Rsp. (6.159)
Consider the pump absorption. From the Einstein relation (see Egs. (3.2) and (3.30)), we have
Ryps = B3N yuy, (6.160)

where u,, is the energy density of the pump. We will write Eq. (6.160) in a slightly different form. The pump
intensity 7, and energy density are related by (Eq. (3.50))

1
u, = —, (6.161)
v

where v is the speed of light in the medium. The photon flux density is defined as the mean number of photons
per unit area per unit time. In other words, if n, photons cross the area A over the time interval Az, the photon

flux density is
S (6.162)
%= Anr '

Level 3 A i
|
: Non-radiative transition
|
|

Level 2 M [

hw, haoy
Ground level 1 Y Y

Figure 6.16 A three-level system. Signal amplification in erbium-doped fiber.
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If a light wave of energy E,, crosses the area A over the time interval Az, the optical intensity is

E

1= 1
=T (6.163)

Since the energy E, = n,hw,, where w,, is the frequency of the pump wave, we find

L,
b, = —. (6.164)
ho,
Using Eqgs. (6.161) and (6.164) in Eq. (6.160), we find
Ryps = 013N 9, (6.165)
where oo B
o)
13 = ‘; b (6.166)

is known as the absorption cross-section associated with the transition from level 1 to level 3. The physical
meaning of o5 is as follows. The optical power absorbed by an erbium ion is proportional to the optical
intensity 7, of the light wave incident,

Py = kI, (6.167)

where k is a constant of proportionality that depends on the medium. Since Py, /hiw), is the number of photons
absorbed per unit time by an erbium ion (photon absorption rate) and I,/hw), is the photon flux density
(Eq. (6.164)), dividing Eq. (6.167) by hw,, we find

P

LS = kg, (6.168)
14

If there are N, erbium ions per unit volume in the ground state, the total absorption rate is
Ry = kN, &, (6.169)

which is the same as Eq. (6.165) if k = 5. Thus, the absorption cross-section can be imagined as an effective
area that “captures” a fraction of the incident photons [1]. Similarly, the stimulated emission rate from level
3 to level 1 is given by

Ryim = —031N30,, (6.170)

where 6 = By hw /v is the cross-section associated with the transition from j to k and @y is the energy
difference between the levels j and k. Since the transition from level 3 to level 2 is mostly non-radiative,
absorption and stimulated emission between level 3 and level 2 can be ignored. Using Egs. (6.165) and (6.170)
in Eq. (6.159), we find

dN; N;

o (013N —031N3)¢p, — E (6.171)

In the case of the two-level atomic system discussed in Chapter 3, Section 3.2, we found that B|, = B,;, which
implies that the emission and absorption cross-section are equal. However, in general, they could be different
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if the two levels are combinations of sublevels that are populated to various extents depending on the thermal
distribution [1]. It is straightforward to write the rate equations for population densities N, and N, as

& o, (Ny051 = Nio12)d, — o (6.172)
e (Ny05) = Ny613)s + (N3031 — Nyo13)¢p, + e (6.173)
21

where ¢, is the photon flux density of the signal. Consider the rate equation (6.171). As soon as the pump
photons cause transition from level 1 to level 3, erbium ions relax to level 2 by the non-radiative processes
involving interaction with phonons of the glass matrix. Therefore, the second term N3o03,¢), in Eq. (6.171)
that accounts for the stimulated emission can be ignored. Under steady-state conditions, dN; /dt = 0 and from

Eq. (6.171), we obtain
N
T—3 = (Ny013 — N303))¢, % Ny0136,. (6.174)
32

Substituting Eq. (6.174) into Egs. (6.172) and (6.173) and ignoring N303,¢,, we obtain [1]

7 =N]613¢p - — (N2621 —Nlo'lz)d)s, (6175)

1 T

dN, N,

e (Ny0531 = Ny613)¢p, — Nyo13¢, + —. (6.176)
1 D1

Note that Eq. (6.175) is similar to Eq. (3.89), corresponding to the two-level system with R,,,,,, = N 0139,
The erbium ions are excited to level 2 from level 1 by an alternate route, i.e., first they make an upward
transition to level 3 from level 1 by absorbing pump photons and they relax to level 2 by means of non-radiative
processes. If the population inversion is achieved (o,;N, > 6,N;), the energy of the pump is transferred to
the signal.

Adding Egs. (6.175) and (6.176), we find

d(N; + N,)
dt

Here, N denotes the erbium ion density. The steady-state solution of Egs. (6.175) and (6.176) can be obtained
by setting

=0 or N;+N,=N; (aconstant). (6.177)

a At
Using Eq. (6.177) in Eq. (6.175), we obtain under the steady-state condition
3 Nrlo3¢, + 012,17
1+01371¢, + (015 + 02,701

(6.178)

N, (6.179)

The photon flux density ¢, and optical power P, are related by Eq. (6.164),

1 Pp
_ L _ , (6.180)
hwp Aeffhwp

b

where A is the cross-section of the erbium ion distribution. Similarly, we have

b= 15 (6.181)
* Ao, .
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Substituting Eqs. (6.180) and (6.181) in Eq. (6.179), we obtain

N7[P}+ P)]
N, = — ) (6.182)
14 P, +P(1+n)
NnP!
Ny=— s (6.183)
1+ P, +P(1+n)
/ P ’ P
= p=L (6.184)
ph Pt
Y (6.185)
012

where P and Pg‘ are threshold powers given by

A ho A ffha)
th eff s h € 14
P = ——7:, P;, = — (6.186)
012721 013721
The evolution of the signal beam due to stimulated emission, absorption, and scattering is similar to that of a
semiconductor laser (see Eq. (3.32)),

d; “TgP.—aP, (6.187)
where
8s = Ny031 — N0y, (6.188)

I'; is the overlap factor that accounts for the fraction of the optical mode cross-section of the signal that
overlaps with the erbium ion transverse distribution profile, and «; is the internal loss coefficient of the
erbium-doped fiber at the signal wavelength. Similarly, we have

de
d_z = pgpP _apPp’ (6.189)
where
8y =—Njoy3. (6.190)

Note that g, is negative and the pump power is attenuated, whereas g, could be positive indicating signal
amplification. Using Eqgs. (6.180) and (6.183) in Egs. (6.187) and (6.188), we obtain
_ =Npop[l +4P]

- ’ ’ ’ (6191)
1+ P+ P(1+n)

8p

_ Nrop[nP, - 1]
L+ P, +P(1+n)

g, (6.192)

Eqgs. (6.187) and (6.189) together with Egs. (6.191) and (6.192) form a coupled nonlinear differential equation
which governs the growth of signal and pump powers in the EDFA. Fig. 6.17 shows the numerical solution
of Egs. (6.187) and (6.189) assuming the typical EDFA parameters. As can be seen, the signal is amplified
whereas the pump is attenuated. The small signal gain can be found analytically from Eqs. (6.187) and (6.189)
when P (z) < P and P,(2) > P[gh at any z, i.e., the signal is weak and the pump is strong. Under these
conditions, Eq. (6.192) reduces to
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Power (mW)

Amplifier length (m)

Figure 6.17 Evolution of signal and pump power in EDFA.
8, = Nroon, (6.193)
and from Eq. (6.187) we obtain
P(L) =P, (0)exp[(I';Nyo,n — a,)L]. (6.194)

Typically, o, < I';Ny0,,1 and therefore, signal power grows exponentially with distance. Fig. 6.18 shows the
amplifier gain G as a function of the amplifier length for various pump powers. For the given pump power,

30 T T T
20 P,(0) = 12 dBm 3
10 = P,(0)=6dBm .
P,(0) = 3 dBm
0¢ P,0)=0dBm

)
= -10
G)
-20
=30
-40
50 | ! !
0 5 10 15 20
Length (m)

Figure 6.18 Amplifier gain vs. length in EDFA. The amplifier gain becomes maximum at a certain amplifier length
which is a function of pump power.
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gain increases with distance initially and then it decreases. This is because the pump decays as it propagates
through the EDF and at a certain length, the pump power becomes less than or equal to anh (Eq. (6.194) is no
longer valid in this case) and from Eq. (6.192), we find that g, could become zero or negative, which indicates
that the signal is attenuated. Physically, when the pump power is less than a certain threshold, erbium ions
pumped to level 2 (via level 3) are not adequate to cause population inversion. From a practical standpoint, it
is desirable to have a low pump threshold so that the population inversion can be achieved at relatively lower
pump powers. From Eq. (6.186), we see that the pump threshold is inversely proportional to the product of
pump absorption cross-section o5 and lifetime associated with the transition from level 2 to level 1, 7,,. The
larger pump absorption cross-section enables higher pump absorption. As a result, more erbium ions make
the transition to level 3 and consequently to level 2. The longer lifetime 7,; implies that erbium ions are in
the excited level 2 for a longer time. For the erbium-doped silica fiber, the lifetime 7,, is very large (~ 10 ms)
and as result, the population inversion can be achieved with a low pump power.

Fig. 6.19 shows the dependence of the gain on the input signal power for various pump powers. The gain
saturates at large signal powers, which is similar to the case of semiconductor optical amplifiers.

6.7.3 Amplified Spontaneous Emission

So far we have ignored the impact of spontaneous emission. The Er** ions in the excited level spontaneously
emit photons. These photons are amplified as they propagate down the fiber leading to ASE. The population
density of the excited level is depleted because of the ASE and, therefore, the amplifier gain decreases. In the
case of EDFA, the fiber-loss coefficient is much smaller than the gain coefficient g and Eq. (6.5) can be used
to calculate the spontaneous noise factor n,, with a slight modification. Eq. (6.5) is valid for a non-degenerate

P
system. It is straightforward to modify Eq. (6.5) for the case of a degenerate system, as

_ 071N,
Ny, = ——————. (6.195)
031Ny — 015N,
Since the population densities N, and N, vary along the fiber length, Eq. (6.187) has to be solved numeri-
cally to obtain the ASE power. Typically, the noise figure (= 2n,) of an EDFA is in the range of 4-8dB.
Spontaneous emission occurs at random and in all directions. The optical field due to spontaneous emission

40 | | | | |

35
P,(0)= 6dBm

30 -
25 P, (0)=5dBm

20 —

G (dB)

15 |- P, (0)=3dBm

10 —

0 | | | | |
—60 =50 —40 =30 -20 -10 0

Input signal power (dBm)

Figure 6.19 Gain saturation in EDFA.
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can be expressed as the superposition of the guided mode and radiation modes of the erbium-doped fiber.
The radiation modes escape to the cladding and do not degrade the system performance. Similarly, the ASE
propagating as a guided mode in the backward direction does not a effect the system performance. However,
backward-propagating ASE and radiation modes lead to degradation of the amplifier performance since the
ASE reduces the gain of the amplifier.

6.7.4 Comparison of EDFA and SOA

One of the disadvantages of SOAs is their polarization sensitivity. The amplifier gain G depends on whether
the mode in the waveguide is transverse electric (TE) or transverse magnetic (TM). Therefore, the incident
optical field with arbitrary polarization experiences different amounts of gain for its x- and y- polarization
components. This is known as polarization-dependent gain (PDG), which is undesirable for light-wave sys-
tems since it alters the polarization state of the light wave. Fiber amplifiers such as EDFA provide a uniform
gain for x- and y- polarization components because of the circular symmetry of the fiber.

Another drawback of the SOA is the presence of interchannel cross-talk for WDM systems (see Chapter 9).
Consider the signal corresponding to two channels of a WDM system,

q(t,2) = s,(t,2) exp(iw 1) + 5, (1, z) exp (iw,1), (6.196)

where ; and s,(1, z) are the optical carrier frequency and field envelope of the jth channel. The total signal
power is
P=ql* = Is1* + [sy]* + 2[5, |Is] cos (Awt + 6, — 6,), (6.197)

where Aw = |w; — ;] is the channel separation and 9]- = Arg[sj]. Substituting Egs. (6.197) in Egs. (3.117)
and (3.120), we obtain
dN I N, GyN,—Ny

dl@ =7 T_ - Tnm2 + 15,12 + 2|s115,] cos (At + 0, — 6,)]. (6.198)

On the right-hand side of Eq. (6.198), we have a term oscillating at the beat frequency Aw. This leads to the
carrier population density N, oscillating at the beat frequency Aw. Since the gain coefficient is related to N,
by Eq. (6.142), the gain is also modulated at frequency Aw and from Eq. (3.32), we have

op = g(z, 1)P. (6.199)

0z
Since the gain coefficient g(z, ) depends on the instantaneous channel powers |s(,z)|> and |s,(t, z)|?, the
amplifier gain changes with time depending on the bit patterns in channels 1 and 2. Owing to the randomly
changing bit patterns, the noise in the system is enhanced, leading to performance degradations. This is known
as interchannel cross-talk. This cross-talk can be avoided if the SOA operates in the unsaturated regime.
However, in the WDM system, saturation occurs quickly because there are many channels and the signal
saturation power is the sum of the powers of each channel.

The carrier lifetime 7, (7, ~ 0.5 ns) of the SOA is much shorter than the lifetime 7,, (z,; ~ 10 ms) associated
with the excited state of erbium ions. When the bit interval 7}, is much shorter than the lifetime 7, erbium
ions do not follow the fast variations of the signal, but they respond only to the average power of the signal.
Therefore, in this case, all pulses experience the same gain in the case of an EDFA. For example, when the
bit rate is 2.5 Gb/s, T, = 0.4 ns < 7, and the EDFA gain does not change from bit to bit. However, for SOA,
T, and 7, are comparable and the gain experienced by the current bit depends on the signal power of the
previous bits.
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6.8 Raman Amplifiers

Distributed Raman amplifiers have become a viable alternative to EDFAs because of their relatively lower
ASE [10, 13—15]. Raman amplifiers are based on stimulated Raman scattering, which occurs in fibers at high
powers (see Chapter 10 for more details). As an intense pump beam of frequency w, propagates down the
fiber, an optical wave of lower frequency w; is generated due to SRS. The frequency difference, @, — 0, = Q,
is known as Stokes’s shift. If a signal field of frequency w, (Stokes wave) is incident at the input of the fiber
along with the pump beam, the signal field gets amplified due to SRS. As shown in Fig. 6.20, the pump photons
cause transitions to the excited level 3 from level 1, and silica molecules relax to one of the vibrational levels
in band 2; the energy difference 71(w, — w,) appears as molecular vibrations or optical phonons. If a signal
photon corresponding to the energy difference between level 3 and one of the levels in band 2 is present, the
molecules are stimulated to emit signal photons of the same kind, leading to the amplification of the signal
photons, which is known as SRS. The silica molecule could also make a transition to band 2 from level 3
by spontaneous emission, whether or not the signal beam is present. This is known as spontaneous Raman
scattering and is the source of noise in Raman amplifiers. Band 2 is a collection of vibrational states of silicon
molecules. In other words, part of the pump energy is converted into signal energy and the rest is dissipated as
molecular vibrations. Quantum mechanically, a pump photon of energy hw), is annihilated to create a signal
photon of lower energy Zw; and an optical phonon of energy 72Q. A semiclassical description of the Raman
scattering is provided in Section 10.11. Fig. 6.21 shows the typical Raman gain spectrum as a function of
the frequency shift for a silica-core single-mode fiber. The frequency shift shown in Fig. 6.21 refers to the
frequency deviation of the Stokes wave from the pump. The Raman gain curve has a peak around a frequency
shift, Q of about 14 THz. In amorphous materials such as fused silica, molecular vibrational states form a
continuum [14] shown by crossed lines in Fig. 6.20 and, therefore, the Raman gain occurs over a broad range
of frequencies up to 40 THz. Fig. 6.22 shows a schematic of the Raman amplifier with co-propagating pump.

Level 3 I
hw

s

ha

, i
_— T

(vibrational levels)
hQ

Level 1 l

Figure 6.20 Energy levels of silica.

Normalized Raman
gain coefficient

|
0 14 THz 24 THz Frequenc; shift

»

Figure 6.21 Typical Raman gain spectrum of silica fibers.
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The signal and pump are combined using a fiber coupler and the combined signal is launched into the fiber.
For a signal wavelength at 1550 nm, the pump wavelength should be about 1450 nm to ensure the highest gain
(corresponding to a frequency difference of about 14 THz). To achieve a gain flatness over a broad range of
signal frequencies, multiple pumps are usually used in practical systems [10].

Fig. 6.23 shows a schematic of a Raman amplifier with counter-propagating pump. The advantage of a
counter-propagating pump scheme is that the transfer of power fluctuations from the pump to the signal can
be reduced compared with the co-propagating scheme. The lifetime associated with the excited state of silica
is in the range of 3 to 6 fs. Because of such a short lifetime, the transfer of power from the pump to the signal
is almost instantaneous, leading to the transfer of pump fluctuations to the signal. However, if the pump is
counter-propagating, the interaction time is equal to the transit time (= fiber length/speed of light) through
the fiber, which would be the effective lifetime. For an 80-km fiber length, the transit time is about 0.4 ms,
which is much larger than the actual lifetime (in the range of femtoseconds). In the scheme of co-propagating
pumps, the pump lasers must be very quiet, i.e., they must have very low-intensity fluctuations [10]. Some
light-wave systems use both co-propagating and counter-propagating pumps.

Raman amplifiers can be divided into two types: distributed and lumped. Distributed Raman amplifiers
utilize the existing transmission fiber as a gain medium, whereas in lumped Raman amplifiers a dedicated
short-span fiber is used to provide amplification. Typically, the length of the lumped amplifier is less than
15 km. In the case of lumped amplifiers, a highly nonlinear fiber with very small effective area can be used
so that the pump intensity (= power/area) and gain can be maximized. In contrast, in the case of a distributed
Raman amplifier, the fiber parameters can not be optimized to achieve the maximum gain since the nonlinear
effects are enhanced in small-effective-area fibers which leads to performance degradation (see Chapter 10).

6.8.1 Governing Equations

Assuming the signal and pump beams are CW, the evolution of the signal and pump powers for the
forward-pumping scheme is governed by (see Section 10.11)

dP, &rP,P;
= —ap, (6:200)
14
dP , 8pP,P,
14 14 pts
d_Z = _w_S—AS - apPp, (6.201)
Fiber

Fiber coupler

Signal, o, ——» Amplified signal

Figure 6.22 Schematic of the Raman amplifier. The pump co-propagates with the signal.

Fiber

( i i > Amplified signal
. M
Signal > Coupler

Raman pump

Figure 6.23 Schematic of the Raman amplifier in which the pump is counter-propagating.
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where g, is the Raman gain coefficient; P, a, and A denote the power, loss coefficient, and effective
cross-section, respectively; and the subscripts p and s denote the pump and the signal, respectively. In
general, these equations have to be solved numerically to calculate the amplifier gain. But more insight can
be gained if we do the undepleted pump approximation. Under this approximation, the depletion of the pump
due to the transfer of power to the signal (first term in Eq. (6.201)) is ignored. The solution of Eq. (6.201)
under this approximation is

P,(z) = P,(0)exp(—a,2). (6.202)

Substituting Eq. (6.202 ) in Eq. (6.200) and rearranging, we obtain
dP,  8rP,(0)exp(-a,7)

P, A, . (6.203)
Integrating Eq. (6.203) from O to L, we find
gpP (O)L
In PD)~Tn PyO0)= ~2 T _op (6.204)
Ap
or P (O)L
8
P(L) = P,(0)exp [R”A—“ - aSL] , (6.205)
P
where
1 —exp(—a,L)
L= ———— (6.206)
%

is the effective fiber length over which the pump power is significant. The Raman amplifier gain may be

defined as P P (OL
8

= L — exp | R P e (6.207)

P (0)exp(—a,L) A,

When a,L >> 1, L. ~ 1/a, and Eq. (6.207) can be approximated as

8rP,(0)
G ~ exp [ Kp ] . (6.208)
p%p

From Eq. (6.208), we see that the gain increases exponentially with the pump launch power and it is indepen-
dent of the fiber length (when a,,L >> 1).

Fig. 6.24 shows the gain as a function of the fiber length obtained by solving Egs. (6.200) and (6.201)
numerically. As can be seen, the gain becomes approximately independent of length for L > 40 km. The solid
and dotted lines in Fig. 6.25 show the evolution of signal power in the presence and absence of the Raman
pump, respectively. From Fig. 6.26, we see that the pump is almost depleted at the end of the fiber due to SRS
and fiber internal loss. Fig. 6.27 shows the gain as a function of the pump power for various signal powers. As
can be seen, the gain reduces as the signal launch power increases. This saturation effect is similar to that in
EDFA or SOA, and it can be understood from Eq. (6.201). When the signal launch power is large, the pump
depletes rapidly since the first term on the right-hand side is proportional to the signal power. A reduction in
pump power leads to a lower level of population inversion and the gain decreases. Nevertheless, the gain sat-
uration of Raman amplifiers occurs at much higher signal powers than that of SOA and EDFA signal powers,
which make them attractive for multi-channel amplification. Typically, the pump power required to achieve
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P,(0) = 24 dBm

P,(0)=22 dBm

P,(0) =20 dBm
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Length (Km)

Figure 6.24 The gain of the Raman amplifier becomes roughly independent of length for large L. Signal launch power =
—6dBm, g, = 6 X 107 m/W, A,=40 pm?, A, = 50 pm?, a,=9.21x 105 m™!, a, = 4.605x 10 m™".

a certain gain for Raman amplifiers is larger than that needed for EDFA in the unsaturated regime. However,
as the signal power increases because of the increase in number of channels of a WDM system, the gain
of a Raman amplifier is greater than that of an EDFA [10]. This is because of the higher saturation power of
the Raman amplifier.

In the presence of the pump

-5
2 4
M
=
o} e
£ -10— el -
£ .
s /
5
A In the absence of the pump .
-15 e, o
20 | | | |
0 10 20 30 40 50
Length (km)

Figure 6.25 Evolution of signal power in the Raman amplifier with and without the pump. P (0) = 23 dBm for the solid
line. The parameters are the same as those of Fig. 6.24.
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Figure 6.26 Decay of the Raman pump. The parameters are the same as those of Fig. 6.24.
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Figure 6.27 Dependence of gain on the pump power. Gain saturates as the signal power increases. The parameters are
the same as those of Fig. 6.24.

For the backward-pumping scheme, the evolution of signal and pump powers is given by

dP, g,
= — ™ P, — P, (6.209)
P
dP w
)4 p» 8R
_d_z Z_JK Py —a,P,. (6.210)
5 )
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Under the undepleted pump approximations, Eqs. (6.209) and (6.210) can be solved as before since the pump
is injected at z = L, the pump power at z = L, P,(L) is known. Ignoring the first term on the right-hand side
of Eq. (6.210), the solution of Eq. (6.210) is

P,(2) = Pp(L) exp[~a,(L — 2)]. (6.211)

Substituting Eq. (6.211) in Eq. (6.209) and proceeding as before, we obtain the same expression for P (L) as in
Eq. (6.205). Thus, the gain for the forward- and backward-pumping scheme is the same under the undepleted
pump approximations.

6.8.2 Noise Figure

Spontaneous Raman scattering occurs randomly over the entire bandwidth of the amplifier and spontaneous
emission photons are amplified by SRS. The spontaneous emission factor, n,, is nearly unity since a Raman
system acts as a fully inverted system with the ground-state population density N; ~ 0. Therefore, the noise
figure of the Raman amplifier is close to 3 dB, whereas that of the EDFA is typically in the range of 4 to 8 dB.
Distributed Raman amplifiers can be imagined as tiny amplifiers placed throughout the fiber transmission line
with very small amplifier spacing. Because of the distributed nature of the amplification, the OSNR of the
distributed Raman amplifiers is higher than that of the lumped amplifiers such as EDFA (see Section 7.4.2).

6.8.3 Rayleigh Back Scattering

One of the primary sources of noise in Raman amplifiers is double Rayleigh back scattering (DRBS). Consider
a signal propagating in the forward direction and ASE propagating backward in a distributed Raman amplifier
as shown in Fig. 6.28. Because of the microscopic non-uniformity of the silica composition, ASE gets reflected
and, therefore, it interferes with the signal, leading to performance degradation. This is known as single
Rayleigh back scattering (SRBS). Consider the signal and ASE both propagating in the forward direction, as
shown in Fig. 6.29. The ASE is reflected backward by a scatterer and it is reflected again by another scatterer,

Signal .
Fiber core

ASE

Scatterer

Figure 6.28 Single Rayleigh back scattering.

Signal Fiber core

ASE

Scatterer Scatterer

Figure 6.29 Double Rayleigh back scattering.

www.EngineeringEBooksPdf.com



288 Fiber Optic Communications

so that now the ASE and signal are both propagating in the forward direction. This is known as double
Rayleigh back scattering (DRBS). The DRBS occurs not only for ASE, but also for the signal modulated by
the data, i.e., a part of the modulated signal undergoes the DRBS process and interferes with the current bit.
Since the Rayleigh back scattering can occur anywhere along the fiber, the part of the signal that undergoes
DRBS has a random delay and it acts as noise on the current bit, leading to performance degradation. DRBS
also occurs in fibers without distributed amplification. However, in the presence of Raman amplification, the
back-scattered signal and ASE are amplified by SRS in both directions and, therefore, DRBS is one of the
primary sources of noise in the distributed Raman amplifiers.

6.9 Additional Examples

Example 6.8

In Fig. 6.30, transfer functions of the optical and electrical filters are I:Iopt(f ) and H,(f), respectively. Show
that the variance of the signal—ASE beat noise is

2 _ 2
O-s—sp =4R PoutpASEBeff’

where
1

1 / VLo (O PV (P,

By = )

Solution:
From Eq. (6.27), we have

L) = RIyounp(t) + wonp)].

The signal—ASE beat noise current passes through the electrical filter, as shown in Fig. 6.30. Let the corre-
sponding output of the electrical filter be /,.(¢), i.e.,

L(f) = I,_y,(HH, (). (6.212)
Let
Flnp®] = np(f), (6.213)
Flnp®] =fip(=f). (6.214)
Taking the Fourier transform of Eq. (6.27) and using Egs. (6.212), (6.213), and (6.214), we obtain
Ip() = RWouit () + Woudip (D). (6.215)
OF oD o
ol Voutn Y Vout e \\“\ﬁ Io = Rl + npl? , % .
</
Hop(f) H,(f)

Figure 6.30 Impact of optical and electrical filter on ASE. OF = optical filter, PD = photodetector, EF = electrical
filter.
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Using Parseval’s theorem, the mean noise power is

1 T2
N,_,, = lim T / < I(t) > dt
-7/2

= lim %/m < |[Iz(H)* > df. (6.216)

T— -
From Eq. (6.215), we have
< |L(H* > = R H, (O woul* < 17p(O > +Hwoul* < lip(=HI* >
FWo)* < ip(Ofp(=f) > +yiy, < Ae(=Hits(f) >1. (6.217)

The contribution of the third and fourth terms on the right-hand side of Eq. (6.217) is zero. This can be shown
by writing

np(f) = |np(f)| exp [i0x()], (6.218)
Wout = Wourl €Xp [0,y ], (6.219)

Wi?* < ip()itp(=f) > = < |iip(Ol|ip(=f)| exp LOp(F) + Op(—f) — 20441 >)
Wiy < A(=PEF) > = < |iip(Olliip(=F)| exp[=0p(F) — Op(=Ff) + 205y]1) >,

(6.220)
Wou)? < Ap(De(=f) > +Wiy < A=) > = 20wou | (D7)
< cos [HF(f) + GF(_f) - 2eout] >
—0, (6.221)

since 0(f) is a random variable with uniform distribution in the interval [0, 2x]. By definition, the power
spectral densities are

<P >
PASE = Th_{lc}o — 7 (6.222)
< |ag(H> > -
Pup = Jim ——C == = pspl Hop (I, (6.223)
. <O >
Py, = lim FT (6.224)
Using Egs. (6.217), (6.223), and (6.224), we find
pIF = 2R2|He(f)|2|u/out|2pn,;
= 2R*Poypase He (DI, (6.225)
where 3 ~ :
He(f) = Hop (HH,(f) (6.226)
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is the transfer function of an effective filter, which is the cascade of optical and electrical filters. From
Egs. (6.216), (6.224), and (5.79), we have

Ny, =0 R =R, / ) pi, (Pdf. (6.227)
Therefore,
Usz—sp =2R*PpasE [ N |H(f)|2df
= 4R?P oy p aseBer (6.228)

where B, is the effective bandwidth of the filter obtained by cascading the optical and electrical filters.

Let us consider two limiting cases of Eq. (6.228). When the electrical filter bandwidth is much larger than the
optical filter bandwidth, i.e., H,(f) = 1, from Eq. (6.226), we have Heg(f) = H,(f) and Eq. (6.228) reduces to
Eq.~ (6.42). V\Chen the optical filter bandwidth is much larger than the electrical filter bandwidth, i.e., Hp, (f) =
1, H.4(f) = H,(f), and Eq. (6.228) becomes

0%, = AR*P, paseB.. (6.229)
where -
B, = % / |H,(f)|*df . (6.230)

When the optical filter is an ideal band-pass filter with full bandwidth f, and the electrical filter is an ideal
low-pass filter with bandwidth f,, it is easy to see that

B = min(f,.f,/2). (6.231)

Example 6.9

An amplifier has an output signal power of 0 dBm and a noise power per polarization per unit frequency
interval (single-sided) of —126 dBm/Hz. Calculate the variance of the signal— ASE beat noise current. Assume
B, =20GHz, B, > B,, and R = 0.9 A/W.

Solution:
Py = 10Pou@B/10 — 4wy,

The noise power per polarization per unit frequency interval is the single-sided power spectral density,
PASE = 10pASE(dBm/HZ)/10 mW/Hz
=1.58 x 107> mW/Hz.

From Eq. (6.17), we have psqg = 1.58 x 10~!> mW/Hz. Noise power Ppgz = paseB, = 3.17 mW.
The variance of the signal—ASE beat noise current is

0r gy = 2R*Py Page = 5.13x 1077 A%,

out
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Example 6.10

Find an analytical expression for the mean and variance of ASE—ASE beat noise. Assume that the optical filter
is an ideal band-pass filter with bandwidth B, and the samples of ASE noise n(¢) are identically distributed
complex Gaussian random variables. Ignore the electrical filter.

Solution:
From Egs. (6.21) and (6.28), it follows that

<l > =R <|np(0|> >= RoasB,,

(6.232)
<L, o, >=R <|n;]*>. (6.233)

Let
I’lF = nFr 4F ii’lFl-. (6.234)

With the assumption that the samples of n(f) are identically distributed complex random variables, it follows
that

<|np|*>  paseB
2 02 o F _ Paseb,
<nFr>_<nFi>_ =

2 2 7 (6.235)
<|npl* >=< @3, + n3)* >=<nj, >+ <ny >+2 <npny >. (6.237)

For Gaussian random variables N, N,, N3, and N, from the moment theorem, we have
< N{N,N3N, >=< NN, >< N3N, > + < N;N3 >< NNy > + < NNy >< N,N; > . (6.238)
If we choose N; = ng,, i = 1,2, 3,4, using Egs. (6.235) and (6.236), we find
<nj, >=3(< ny, >)* =3piBs/4. (6.239)

Similarly,
<npy >=3(< np; >) =3p B /4. (6.240)

If we choose N; = N, = ng, and N; = N, = ng;, we find
<nmpnk >= pioBs/4. (6.241)
Substituting Egs. (6.239)—(6.241) in Eq. (6.237), and using Eq. (6.233), we obtain

2 _ % 2 2
<Iy,_g >=2R"pyyeB;,

(6.242)
ooy =<1Io, o >— <1, > (6.243)
ooy p =R pigBo. (6.244)
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Example 6.11

Show that the variance of ASE—ASE beat noise current for the case of arbitrary optical and electrical filters
(see Fig. 6.31) and for the case of a single polarization is given by

0% = R*PrepBe: (6.245)
where
B}, = / Hy (' — () H (HH, (¢ )di di’”. (6.246)

Further, when the optical filter is an ideal band-pass filter with full bandwidth f, and the electrical filter is an
ideal low-pass filter with cutoff frequency f,, show that

By, =Qf, ~ffe if fo<f, (6.247)
=f2 otherwise. (6.248)

Solution: From Eq. (6.25), the current before the electrical filter is
Ly(@) = R{Iyou|* + Inp (01 + 2Relyou (0]} (6.249)

Let
Ly () = RIng(0)]*. (6.250)

Iout,sp—sp(t) = F_l Hin,sp—sp (f)fie (f)]

= / Ly psp(H(t = 1)dr. (6.251)
Without loss of generality, let us assume that the decision is based on the sample at t = 0,
Loy sp—sp(0) = / I-m,Sp_sp(t’)He(—t’)dt’. (6.252)

< lougpsp(0) > =R / < |np())? > H, (=1 )dl

=RpseB, / H,(t)dt, (6.253)
where we have used Eq. (6.21 ). Since
A,(f=0)= / H,(t)dt, (6.254)
Copierd Photodetector Electrical filter
— a1 > .2 > ~ >
O Voul) + 10 " $al®) = Rt 0) + 1) HD | out®

Figure 6.31 Impact of optical and electrical filters on ASE.
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the mean noise current due to ASE—ASE noise beating is
< Isp—sp >=< Iout,sp—sp

If the electrical filter is an ideal low-pass filter given by

H,(f) = rect <2Lfe> ,

< Isp—sp = RpASEBo'

Eq. (6.255) becomes

Squaring Eq. (6.252) and then averaging, we find

<P?

=R? / / < [, (&) + np (g, () + n7, ()] >

xH,(—t")H, (—'")dl' dt’’.

Using the moment theorem (see Eq. (6.238)), we obtain

2 2 2 2 2
<ny, (g, (") > =< ng, () >< np (1) > 42 < g, ()ng, (1)>,

2 2 2 2 2
< np (") > = < g, (1) >< gy (1) > +2 < np (g K")>2,

2 2 2 2 2
<np (g (1") > = < np, (1) >< (1) > 42 < np (ynp()>7

2 2
<np (1) > =< ng(f') >= ppspB,/2,

PASE

< np(npA") > =< ng(ngd") >= THopt(t’ -1,

< ng " npE'") > =0,

where ~
F[Hop(®] = [Hyp (NI

Using Egs. (6.259)—(6.264) in Eq. (6.258), we find

< [, (@) + np (g, () + ()] >= pgpBo + Prgp Hop (@ =17,

2
<I out,sp—sp

B, = / / Mo (" = YH,()H (")l i,

2
H, = [/He(t')dt'] ,

2 _ 2
o-sp—sp =< Iout,sp—sp

0) >= R*p3[BoH, + B, ],

2
> =< Iout,sp—sp> o
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[s] [s]
outsp—sp(0) > = / / < Ly spsp(iy 5y (0 H (—1YH (=) > di' 1!
-0 J—0o

(6.255)

(6.256)

(6.257)

(6.258)

(6.259)
(6.260)
6.261)

(6.262)
(6.263)
(6.264)

(6.265)

(6.266)
(6.267)

(6.268)

(6.269)

(6.270)
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Using Eqgs. (6.253) and (6.267), we obtain

2 _ p2
sp_R

o, B, (6.271)

2
PASE
Next, let us consider the case in which the optical filter is an ideal band-pass filter with full bandwidth f, and
the electrical filter is an ideal low-pass filter with cutoff frequency f,.

Hoyp(f) = rect (Jé) , (6.272)
A, = rect | L (6.273)
e ng ’ .
Hop(F) = |Hop (I = [rect(f /£,)] (6.274)
= rect(f/f,), (6.275)
Hop (1) = F~ [rect(f /f,)] (6.276)
= fosinc(f, ), (6.277)
where
sine(r) = S0 (6.278)
X

Ho (D) = f7sinc? (£, ). (6.279)

Eq. (6.268) may be rewritten as
B, = / u(t')H (" )dt"", (6.280)
u(t'") = My, (") * H,("). (6.281)

Here * denotes the convolution. Since the convolution in the time domain becomes a multiplication in the
frequency domain, the Fourier transform of Eq. (6.281) is

i(f) = Hopo(NH, (). (6.282)
Hopo(f) = FIH o ()] (6.283)
= Flf2sinc?(f, 1] (6.284)
= triang (f /1, )f,, (6.285)

where
triang (f/fo) =1- lfl/fo lf lfl <f;)’ (6286)
=0 otherwise. (6.287)
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Substituting Eq. (6.283) in Eq. (6.282), we find

i(f) = triang (f /£, )rect(f /L), (6.288)

The product in Eq. (6.280) may be rewritten as a convolution in the frequency domain at f = 0 as

B}, = / i(f)H (~f)df, (6.289)
i(f)H,(=f) = triang (f /f, rect (%) rect <§>f0, (6.290)
= triang (f /f, )rect (%)fo. (6.291)

First let us consider the case f, < f,. The integral in Eq. (6.289) is equal to the area of the shaded region shown
in Fig. 6.32.

B2, = f, - )f. (6.292)
If £, > f,, B2, equals the area of the triangle,
B, =f7. (6.293)

Substituting Egs. (6.292) and (6.293) in Eq. (6.271), we find

sy = R20psp @, = ff, i fo <f, (6.294)
= RZpiS 02 otherwise. (6.295)
A
fo
f, triang (/f,)
fo—te
=5 e Lo

Figure 6.32 Calculation of the variance of ASE—ASE beat noise for the case of ideal optical and electrical filters.

www.EngineeringEBooksPdf.com



296 Fiber Optic Communications

Example 6.12

The electrical SNRs at the amplifier input and output are 30dB and 25 dB, respectively. The signal power
at the input and output of the amplifier are —13 dBm and 2 dBm, respectively. Find the ASE power spectral
density per polarization, p,gg. Assume that the carrier frequency f, = 195 THz.

Solution:
_ SNR;,

"7 SNR,,

F,(dB) = (SNR);,(dB) — (SNR),,(dB)
= (30 —25) dB
=5dB,
F, = 10f@®/10 = 3 1623,

The amplifier gain is

G(dB) = P, (dBm) — P, (dBm) = 2 dBm — (—13) dBm = 15 dBm,
G = 109@B/10 = 31 62

The ASE PSD is given by Eq. (6.102),

hfo(GF, — 1)
PASE = f

=6.626 X 107* x 195 x 102 x (31.62 x 3.162 — 1)/2 W/Hz
=6.39 x 10718 W/Hz.

Example 6.13

A Fabry—Perot amplifier has a peak gain G,,,, of 20dB and a single-pass gain G, of 5dB. Calculate the
geometric mean of the facet reflectivity R. Assume R; = R,.

Solution:
From Eq. (6.127), we have

_ (1-R)4/G,

max — 1 =RG
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10log 190G pax = 20,
G = 107 = 100,
G, =101 =316,
(1=3.16R) x 10 = (1 — R)V/3.16,
R =0.276.

Example 6.14

A Fabry—Perot amplifier has to be designed such that its full 3-dB bandwidth is greater than 25 GHz. Calculate
the upper bound on the single-pass gain G,. Assume R; = R, = 0.3, refractive index n = 3.5, amplifier length
L =200 pm.

Solution:
From Eq. (6.128), we have

_ o _ 3% 108
2nL ~ 2% 3.5 %200 x 10-6

From Eq. (6.132), the 3-dB bandwidth is

_2FSR . _, ) 1-RG;
f3 dB — pn Sin —1/2 o
(4RG,)

g 73 4B 1 = RG,
- , 6.296
- ( 2FSR ) (4RG,)!/2 $E

If 5 4g = 25 GHz, the left-hand side of Eq. (6.296) becomes 0.1805:

FSR = 214 GHz.

or

(1 -0.3G,)* = 1.2G, x (0.1805)>.
Solving the above quadratic equation, we find
G, =479 or 23l.

If G, =4.79, (1 — RG,) < 0, which corresponds to biasing above the threshold and violates the condition
given by Eq. (6.118) and, therefore, it has to be rejected. To have f3 45 > 25 GHz, G, has to be less than 2.31.
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Example 6.15

For a Fabry—Perot amplifier, show that the round-trip amplitude gain is

V mdx V min

S
Gmax + V Gmm
where G

max and G, are the maximum and minimum values of G.

RG, =

Solution:
From Eq. (6.135), we have

VGmax 1 +RG,
= =X,
VG 1 — RG;

or

(1 —RGy)x=(1+RG,),
x—1
x+1

s =

Exercises

6.1 Explain the meaning of (a) signal— ASE beating noise and (b) ASE—ASE beating noise.

6.2 An optical amplifier operating at 1300 nm has a mean noise power per unit frequency interval per
polarization (single-sided) of —125 dBm/Hz. Calculate the noise figure. Assume G = 30 dB.

(Ans: 6dB.)

6.3 The output of an amplifier passes through an ideal optical band-pass filter of bandwidth (f,) 20 GHz, a
photodetector of responsivity 0.9 A/W, and an ideal electrical low-pass filter of bandwidth (f,) 8.5 GHz.
The amplifier input power is —23 dBm and its gain is 20 dB. The OSNR at the amplifier output (in a
bandwidth of 12.49 GHz) is 15 dB. A polarizer is placed just before the photodetector, which blocks
one of the polarization modes. Find (a) the variance of the signal— ASE beat noise current and (b) the
variance of the ASE—ASE beat noise current. Repeat (a) and (b) if the polarizer is absent.

(Ans: (a) 8.75 x 107 A?; (b) 8.73 x 10~ A%, When the polarizer is absent, (a) 8.75 x 10~ A?;
(b) 1.746 x 10710 AZ))

6.4 State the difference between OSNR and electrical SNR.
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6.5

6.6

6.7

6.8

6.9

6.10
6.11

6.12

6.13

6.14

6.15

6.16

The OSNR (within a bandwidth of 0.1 nm) at the output of an amplifier operating at 1550 nm is 22 dB.
The output of the amplifier passes through an ideal photo-detector (# = 1). Calculate the electrical
SNR at the photodetector. Ignore the thermal noise and ASE—ASE beat noise. Assume that the input
power of the amplifier is —20 dBm, gain G = 23dB, B, < B,, R = 0.8 A/W, and B, = 8 GHz.

(Ans: 20.92dB.)

In a cavity-type SOA, R, = R, = 0.3, FSR = 30 GHz, and the single-pass gain G, = 4.75 dB. Find (a)
the peak gain and (b) the gain G at frequency Af = 5 GHz, where Af is the frequency shift from the
resonant frequency. Assume n = 3.3.

(Ans: (a) 21.28 dB; (b) 2.07dB.)
Explain the gain—bandwidth trade-off in semiconductor amplifiers.

In a cavity-type SOA, the maximum and minimum gains are 20.78 dB and 4.43 dB, respectively. The
geometric mean of the reflectivities, R, is 0.32. Calculate the single-pass gain G,.

(Ans: 4.47dB.)

In a cavity-type SOA, FSR = 300 GHz, refractive index n = 3.3, G, = 4.3 dB. (a) Calculate the peak
gain G and the 3-dB bandwidth if R; = R, = 0.3, (b) repeat if R, = R, = 0.1.

(Ans: (a) Gpe(dB) =17.62dB and f; 45 = 16.06 GHz; (b) G (dB) =6.4dB and f; 45 =
141.8 GHz.)

Explain how population inversion is achieved in an EDFA.

Explain the meaning of absorption cross-section.

Solve Eqs. (6.187) and (6.189) numerically and plot the signal power as a function of amplifier length
for various pump powers, P, (0) = 10mW and P,(0) = 10 pW. Assume N = 1.1 X 10% m=3,T, = 0.4,
FP = 064, O3 = 2.7 X 10_25 m_z, Oip = 1.8 % 10_25 m_z, Ty = 12 ms, Aeff =34x% 10_12 m_z.

Explain the difference between spontaneous Raman scattering and stimulated Raman scattering.

Solve Egs. (6.200) and (6.201) numerically. Plot the gain as a function of the length for pump powers
P,(0) =200mW and P((0) = I mW. Plot the gain obtained by the undepleted pump approximation
given by Eq. (6.207) and compare the analytical result (Eq. (6.207)) and that obtained by the numerical
solution of Egs. (6.200 ) and (6.201). Assume &, = 0.2 dB/km and a,, = 0.5 dB/km.

Provide an explanation as to why gain saturates for large signal powers in any type of amplifier.

In a distributed Raman amplifier system, the pump power of the input = 250 mW, effective area of
the pump mode = 30 pm?, loss coefficient at the pump wavelength = 9.5 x 1073 m~!, Raman gain
coefficient g = 6 X 1074 m/W, and length = 50 km. Calculate the gain of the amplifier under the
undepleted pump approximation.

(Ans: 7.17dB.)
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6.17 In a hybrid Raman/EDFA amplified system, the fiber loss at the signal wavelength = 0.18 dB/km,
EDFA gain = 14 dB. The hybrid Raman/EDFA compensates for the fiber loss exactly. Calculate the
Raman pump power. Assume the following parameters: A, = 25 pm?, a, =9 X 1075 m™!, gp = 5.8 %
10~ m/W, fiber length = 100 km.

(Ans: 96.99 mW.)

6.18 Explain the difference between single Rayleigh scattering and double Rayleigh scattering.
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7

Transmission System Design

7.1 Introduction

So far, we have discussed photonic/optoelectronic components such as lasers, modulators, optical fibers,
optical amplifiers, and receivers. In this chapter, we put together these components to form a fiber-optic
transmission system. Critical system/signal parameters that affect the performance are identified and design
guidelines are provided. In Section 7.2, the performance of a simple fiber-optic system consisting of a trans-
mitter, a fiber, a preamplifier, and a receiver is analyzed. The transmission performance advantage of a
coherent receiver over the direct detection receiver for this unrepeatered system is discussed. Section 7.3
covers the dispersion-induced limitations and provides a simple design rule relating the bit rate, dispersion
coefficient, and reach. In Section 7.4, optical amplifier noise-induced limitations are discussed. For a long-haul
fiber-optic system, optical amplifier noise is one of the dominant impairments. A design rule pertaining to
amplifier spacing, number of amplifiers, and total reach is also discussed in Section 7.4.

7.2 Fiber Loss-Induced Limitations

Let us consider an unrepeatered direct detection system based on OOK, as shown in Fig. 7.1. Let P;, be the
transmitted power when ‘1’ is sent. The received power is
P, =P, exp (—aL) when ‘1’ is sent,

P =

: . (7.1)
Py, =0 when ‘0’ is sent.

The variances of shot noise and thermal noise are given by Eqgs. (5.72) and (5.76). Ignoring the dark current,
for bit ‘1°, we have

Glz,shot = ZqI]Be’ (7.2)
Glz,thermal = 4KBTB9/RL? (7.3)

where
I, = RP; exp (—aL) (7.4)

is the mean photocurrent of bit ‘1°. The mean photocurrent of bit ‘0’ is

Iy =RP,, = 0. (7.5)

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Y

. ((O) P -

Tx

Figure 7.1 A simple fiber-optic system consisting of a transmitter, a receiver, and an optical fiber.

The total variance is

2 __ .2 2
oy = O-l,shot + O-l,thermal

=2gI,B, + 4K;TB,/R,. (7.6)

For bit ‘0’, the mean photocurrent /, is zero and, therefore, the shot noise variance is negligible. The total
noise variance is
oy =4KyzTB,/R,. (1.7)

Fig. 7.2 shows a plot of current vs. time when the bit pattern is 1011. When the bit pattern is long, it is more
convenient to superpose the signals in two bit slots and obtain the eye diagram as shown in Fig. 7.3. If there is
no noise in the system, the lines overlap and the eye diagram would have four lines; the eye is then said to be
wide open (see Fig. 7.3(a)). In the presence of noise, the current in each bit slot fluctuates and the eye would
be partially closed (see Fig. 7.3(b)). If the difference between I, and [, is small, the eye opening is small and
if there is noise, this would lead to poor system performance. Therefore, to assess the quality of a signal at
the receiver, the Q-factor is defined as L
1~ 1o
0= o tog (7.8)
Here, 1, and I are the mean currents at the upper level (bit ‘1’) and lower level (bit ‘0”) of the eye diagram,
respectively, and o; and o, are the standard deviations of bit ‘1’ and bit ‘0’, respectively. The analytical
expressions for these quantities are given by Eqs. (7.4)—(7.7). Physically, o; is a measure of the spread of
levels of bit j°, j = 0,1, and J; is the mean of the levels of bit j” in the eye diagram. When the difference

1é6r
1.4

1.2

Current, /
. o 9
~ o o =

e
o

(=]

0.2

Time, t/T),

Figure 7.2 Time diagram of the current at the receiver.
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)

Current, /
Current, /

o
=N

N
IS

=}
(=} S}
—
3

0 0
Time (s) x 107" Time (s) x 107"
(a) At the transmitter (b) At the receiver

Figure 7.3 Eye diagrams. (a) At the transmitter and (b) at the receiver.

between the mean levels I, — I, is large and/or the spreads of the levels are small, the eye is wide open and
the Q-factor is large. Using Eqgs. (7.4)—(7.8), the Q-factor may be written as

RPlr

0= —\/m ™ (7.9)
where

Py, = P, exp (—al), (7.10)

a =2gRB,, (7.11)

b = 4k,TB, /R, . (7.12)

From Egs. (7.9)—(7.10), we see that as the fiber loss increases, Q decreases. At the receiver, the samples
of current are taken at ¢ = nT}, and if the current sample is higher than the threshold current, I, the decision
circuit decides that a bit ‘1’ is sent. Otherwise, a bit ‘0’ is sent. In the presence of noise and distortion, when
a bit ‘1’ is sent, the received current sample could be lower than /-, causing a bit error. Suppose there are N,
bit errors in a long bit sequence consisting of N bits; the bit error rate is defined as

. N,
BER = lim —. (7.13)
N

N—

If we assume that the noise is Gaussian distributed, BER can be related to the Q-factor by (see Chapter 8)

2
BER = Lerfc <£> N S22 (7.14)
2 V2 V270

When the variances of bit ‘1 and ‘0’ are large or the difference between the means of ‘1” and ‘0’ is small,
Q is small and hence the BER becomes large. To achieve a BER of 107?, the required Q is 6. If Q < 6,
BER > 10~°. Therefore, the maximum transmission distance to achieve the fixed BER is determined by the
total loss in the system. Fig. 7.4 shows the BER as a function of transmission distance L for a 10-Gb/s system.
For fixed fiber length, the BER decreases as the received power (or the fiber launch power) increases. Suppose
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Figure 7.4 BER as a function of fiber length. B = 10 Gb/s, B, =75GHz,R, = 1kQ,R=1A/W,T = 290K, fiber loss
coefficient « = 0.2 dB/km.

Pin Poml Prcc
Tx Rx

Figure 7.5 A fiber-optic system consisting of a transmitter, a fiber, an amplifier, and a receiver.

we introduce a preamplifier of gain G, as shown in Fig. 7.5. Now, the received power is GP;, exp (—aL) when
‘1’ is sent. The preamplifier adds ASE noise with the PSD per polarization given by Eq. (6.17). The mean
current for bit ‘0’ is given by Eq. (6.84),

Iy = 2RpaseB,,. (7.15)

We assume that the optical filter is an ideal band-pass filter with bandwidth f,, the electrical filter is an ideal
low-pass filter with bandwidth f,, and f, < f,. In this case B, = f,. The variance of bit ‘0’ is

2_ 2 2 2
%0 = Oghot,0 T Othermat,0 T Osp—sp- (7.16)
Using Eqgs. (5.72), (5.76), and (6.87), we find
4kyTF,
o2 = 2qlf, + 1‘; <+ 2R P2 L C2f, — f) ] (7.17)
L
Similarly, the mean and variance for bit ‘1’ are
I, = RGP;, + 2Rp x5/, (7.18)
2 2 2 2 2
0—1 = Gshot,l + Gthermal,l + O-S—Sp + o-sp—sp' (7-19)
Using Egs. (5.72), (5.76), (6.83), and (6.87), we find
5 4kpTf, 5
o, = qulfe + R + 2R pASE[ZPoutfe + pASE(zfo _fe)fe]' (7.20)
L
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Figure 7.6 BER as a function of fiber length with and without preamplifier. P, =2dBm, n,, = 1.5, and G = 20dB.
Other parameters are the same as in Fig. 7.4.

Using Egs. (7.15), (7.17), (7.18), and (7.20) in Egs. (7.8) and (7.14), the BER is calculated and shown in
Fig. 7.6. Using a preamplifier of 20-dB gain, the maximum transmission distance at a BER of 10~ is about
200 km when the fiber launch power P;, = 2dBm. Note that for the same launch power, the maximum trans-
mission distance is limited to about 130 km when no preamplifier is used. It can be increased to about 140 km
if the launch power is 4 dBm (see Fig. 7.4). Here, we have ignored the fiber nonlinear effects. In the pres-
ence of fiber nonlinearity, as the launch power increases, nonlinear distortions limit the maximum achievable
transmission distance (see Chapter 10).

Example 7.1

In the fiber-optic system of Fig. 7.1, it is desired that Q > 6 at the receiver. Fiber loss coefficient
a = 0.046km~! and length = 130km. Find the lower limit on the transmitter power. Assume T = 25°C,
R, =50Q,R=1A/W, and B, = 7GHz.

Solution:
From Eq. (7.9), we have

RP
0= bl , (7.21)
vV aPlr + b aF ‘\/Z
P, = P, exp (—al), (7.22)
a=2gRB,, (7.23)

=2x1.602x 107" x 1 x 7 x 10° A% /W
=224 %1070 A2/W,
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b=4kzTB,/R;
_4x1.38x 1072 x 298 x 7 x 10° A2
50
=23x10712A2. (7.24)

Rearranging Eq. (7.21), we have
_ RPlr

\aP, +b= 0 - \/b. (7.25)

Squaring Eq. (7.25) and simplifying, we obtain

RP, \*> 2RP, \/b
aP,, = < ”) - "\/—. (7.26)
0 0
or
24/b 2
P, = 2vb + 9 (1.27)
RO R?
When Q = 6,
2% 123 %1012
P, = % +224% 107 x 36
=1.829mW. (7.28)
From Eq. (7.22),
P,, =P,.exp (aL)
=1.829 x 1072 X exp (0.046 x 130)
=7.23mW. (7.29)

The lower limit on the transmitter peak power is 7.23 mW. If P;, < 7.23mW, Q < 6.

7.2.1 Balanced Coherent Receiver

Consider a fiber-optic system based on OOK. Let the output of the fiber-optic link be connected to a balanced
homodyne coherent receiver as shown in Fig. 7.7. In this analysis, we ignore the LO phase noise, relative

PD+ ,
Tx | @ = DC —3& *+ I=I -1
> . \
o —P\?i I =
PD-
x5
LO

Figure 7.7 A fiber-optic system with a balanced coherent receiver.
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intensity noise (RIN), and imperfections in 90° hybrid. In the presence of shot noise, Egs. (5.109) and (5.110)
are modified as (with oz =0, A¢p = 7/2)

I = SUAISOF + 40 + 24,4 oRe(5(0)}} + (130
I = S{ASOP + 40l = 24,ALoRe(50)) + e (31)

where ng,,+ and ng, - are the shot noise introduced by PD* and PD~, respectively. Subtracting Eq. (7.30)
from Eq. (7.31), we have

I = I+ - I_ = 2RArALORe{S(t)} + nshot+ - I’lshot—. (732)

Let
Nghot = Mshott — Mshot™ (7.33)

Since ngy,,+ and ngy, - are statistically independent, the variance of ny,, is the sum of the variances of ngy, .+
and ng,,~:

Tihot = Tanort + Tahor-
=2qI, B, +2ql_B,. (7.34)
Let
Pro =4, (7.35)
P.(1) = A%5(1). (7.36)

Here, P| o and P, are the LO and receiver power, respectively. First consider the OOK. For bit ‘17 (s(f) = 1
within the bit slot), the mean and variances of the current are

I, =2R\/P P, (7.37)
Py, =A% (7.38)
07 o = 2411, B, +241,_B,. (7.39)
I, = g {Pi+Po+2VP P ) (7.40)
I = g {P1,+PLO—2 P],PLO}. (7.41)
Using Egs. (7.40) and (7.41), Eq. (7.39) becomes
07 ot = 24BR(Py, + Py ). (7.42)
The total noise variance of ‘1’ is
"12 = Glz,shot + Glz,thermal
=2gB.R(P,, + P\ o) + 4kgTB,/R,. (7.43)
Similarly, for bit ‘0’, we have
Iy=0, (7.44)
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O shot = 24B.RPy o, (7.45)

o5 =2qB,RP\ o + 4ksTB,/R;. (7.46)
The Q-factor is calculated as I
140

= . 7.47

OQook p——— (7.47)

Some approximations can be made to Eq. (7.47) to gain some insight. When P; o > P,,, from Eqs. (7.42)

and (7.45) we have
2

Ul,shot = Gé,shot = 2qB@RPLO' (7.48)

Let the photocurrent due to LO be I; . Eq. (7.48) may be rewritten as

2 - 2
Gshot, eff = Ul,shot = 2qIL0B€' (7.49)

Comparing Eq. (7.49) with Eq. (5.72), the effective PSD of shot noise in balanced detection is
Pshot, eff = 9110 (7.50)

If P| o is sufficiently large, the shot noise will dominate the thermal noise and it may be ignored in Egs. (7.43)
and (7.46),
Uf = 03 = 2qB,RP . (7.51)

Now Eq. (7.47) reduces to

2R\/Py,Pro

QOOK =

_ | REy (7.52)
- 2de' '

Note that the Q-factor is independent of P;  under these conditions. Using Eq. (5.17), the Q-factor may be

rewritten as
1’]P 1r
Qook =4[/ —=—- (7.53)
2hfB,

whereJ_‘ is the mean frequency. The energy of a bit ‘1’ at the receiver is E;,. = P;,.T,. If the receiver filter is
an ideal Nyquist filter (B, = 1/(2T})), Eq. (7.53) becomes

Oook = V1lNy, (7.54)

where N, = Elr/hf is the number of signal photons of bit ‘1°. For an OOK signal, the mean number of
received photons per bit, N, = N,,/2. So, Eq. (7.54) becomes [1]

QOOK = Z”NreC' (7.55)

For an ideal photondetector, 7 = 1. To have a BER of 107, Q = 6 and from Eq. (7.55), we see that the average
number of signal photons per bit, N,.., should be 18. In other words, if the mean number of signal photons is
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less than 18 for an OOK system, the BER exceeds 10~°. Since P, = P,, exp(—aL), the maximum transmission
distance at which the mean number of photons becomes equal to 18 can easily be calculated. For example,
when the peak fiber launch power P;, = 2 dBm and bit rate = 10 Gb/s, the peak received power is

P.(dBm) = P;,(dBm) — loss(dB), (7.56)
N, hf
P = Lf, (7.57)
Tb
P,(dBm) = 1010g,y(2N . if B) (7.58)
=—43.3dBm,

where ]Tlrec = 18 and f = 193.54 THz is used. From Eq. (7.56), we find

loss(dB) = P, (dBm) — P,(dBm) (7.59)
=2dBm — (=43.3)dBm
=45.3dB.

With fiber loss coefficient @ = 0.2 dB/km, the maximum transmission distance to reach the BER of 107 is
about 225 km. This should be compared with the results shown in Fig. 7.4 for the case of a direct detection
system, in which the transmission distance is limited to about 130 km for the same launch power. Fig. 7.8
shows the BER as a function of the length for various launch powers. Solid line and X marks show the BER
using the exact Q (Eq. (7.47)) and the approximate Q (Eq. (7.52)), respectively. As can be seen, there is a
good agreement between the two. However. if the LO power is not sufficiently large, the thermal noise could
dominate the shot noise and Eq. (7.52) would not be accurate. Fig. 7.9 shows the dependence of BER on the
LO power for different load resistances, calculated using Eq. (7.47). As can be seen, when the LO power is
small, the BER is large due to thermal noise. When the LO power is large, the shot noise dominates over the
thermal noise and the BER becomes roughly equal for a range of load resistances.

100 T T T T T T
o 10°5 : ]
: o
10710 - -
1 1 1 1 1 1

230 240 250 260 270 280 290 300
Fiber length (km)

Figure7.8 BER as a function of the fiber length for a fiber-optic system based on OOK with balanced coherent detection.
Parameters: P;, = 100mW, 7= 290K, R, = 100Q, and = 1. Laser phase noise is ignored.
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Figure 7.9 BER as a function of LO power. L = 230 km, other parameters are the same as those of Fig. 7.8 except for
LO power and R, .

Next, let us consider PSK. For bit ‘1°, the mean and variances are the same as those of OOK given by Egs.
(7.37)—(7.46). For bit ‘0’,

oy = o}. (7.61)
When the P, is sufficiently large, the Q-factor can be calculated as before:
2’1P1r
B,

=2\/IN,,. (7.62)

Opsk =

For PSK, ﬁrec = N,,. So, Eq. (7.62) becomes

Opsk = 2\/ 1N .. (7.63)

To have a BER of 1077, the average number of signal photons per bit should be 9 assuming # = 1 [1,2].
Comparing Eqgs. (7.55) and (7.63), we see that the receiver sensitivity can be improved by 3 dB using PSK
for the fixed number of mean received photons. Fig. 7.10 shows the theoretical limit on the achievable
BER for a shot noise-limited system. As can be seen, for the given mean received power, the PSK outper-
forms the OOK. In other words, to achieve a given BER, the mean received power for OOK should be 3 dB
higher than that for PSK. The reason for the superior performance of the PSK is that constellation points are

. for PSK, whereas the corresponding separation for OOK is \/2P,..(P,.. = Py ec/2).
In [3], the receiver sensitivity close to the shot noise limit is experimentally demonstrated in a 10-Gb/s
PSK system.

separated by 24/ Fr
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Figure 7.10 BER as a function of the mean received power. Thermal noise is ignored.

Example 7.2

In a 1.55-pm coherent fiber-optic system as shown in Fig. 7.7, the parameters are as follows. Mean fiber
launch power = 1 dBm, fiber loss = 0.2 dB/km, fiber length = 240 km, quantum efficiency n = 0.7, T = 290 K,
R; =100Q, P = 10dBm, and B, = 7.5 GHz. Calculate exact and approximate Q-factor if the signal is (a)
OOK, (b) PSK. Assume that the NRZ format with rectangular pulses is used.

Solution:

The mean frequency

- ¢ 3x 108
=S =-_22  _193.54THz 7.64
f A 1.55% 106 “ 764

The responsivity is given by Eq. (5.17),

-9
_nd_ 0.7 x 1.602 x 10 AW,
Wf 6.626x 103 x 193.54 x 1012
= 0.874 A/W. (7.65)

(a) For OOK, the peak power is twice the average power I_’in when the NRZ with rectangular pulses is used:

Py, = 2P, (7.66)
Eq. (7.66) may be rewritten in dB units as
P;,(dBm) =10 log;,2 + Fin(dBm) (7.67)
=4dBm.
The received peak power is
P,, = P,,exp(—al), (7.68)
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P,.(dBm) = P, (dBm) — loss(dB) (7.69)
=4 —0.2 %240 = —44dBm
= 1071 BM/10 W = 3.98 x 107> mW,
P o = 10PLo@Bm/10 W — 10 mW. (7.70)
The mean of bit ‘1’ is
I, =2R+\/P,, P, (7.71)
=2x0.8741/3.98 x 10-5 x 10 mA
=348 x 1072 mA.
The total noise variance of ‘1’ is given by Eq. (7.43),
ol =2gB,R(P\, + P o) + 4ksTB, /R, (7.72)
=2x1.602x 1071 x 7.5 x 10° x 0.874 x (3.98 x 1078 + 1072)
+4x1.38x 1073 x 290 x 7.5 x 10° /100 A®
=222x 10711 A2,

The mean and variance of ‘0’ are calculated as follows:

Iy =0. (7.73)
Since P, < P}, comparing Eqgs. (7.43) and (7.46), we find

ol =0} =222x10""" A%, (7.74)

I, — 1

1T 0
-5

__ 348x10 —37

2xV222x10-1

The approximate Q-factor is given by Eq. (7.53),

_ [ nPy
0= [ =38 (7.76)
2hfB,

(b) For PSK, the peak power is the same as the average power,

Py =P, 1.77)
P,,(dBm) = 1 dBm. (7.78)
The peak power at the receiver is
P,,(dBm) = P;,(dBm) — loss(dB) (7.79)
=1-0.2x240
— —47dBm, (7.80)
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P, =199 x 1075 mW. (7.81)
The mean of bit ‘1’ is
=246 x 1072 mA. (7.83)
The noise variance of ‘1’ may be calculated as before,
07 =2qB,R(P\, + P o) + 4ksTB, /R, (7.84)
=222x 10711 A2, (7.85)
For bit ‘0’,
I,=-I, (7.86)
=246 X 1072 mA,
Therefore, the Q-factor is /
0=-1=523. (7.88)
@]
The approximate Q-factor for PSK is given by Eq. (7.62),
2nP,,
QPSK = — 1 (7.89)
hfB,
=5.38. (7.90)

7.3 Dispersion-Induced Limitations

Consider a simple fiber-optic system consisting of an OOK transmitter, a receiver, and a fiber, as shown in
Fig. 7.11. Fig. 7.12 shows the input and output bit patterns. As can be seen, a pulse corresponding to bit ‘1’
broadens and occupies the adjacent bit slot corresponding to bit ‘0’. This is known as inter-symbol interference
(ISD), and it leads to performance degradation. To estimate the maximum achievable transmission distance

with negligible ISI for the given bit rate, let us consider a single Gaussian pulse launched to the fiber,

2
u(t,0) = A;, exp <_2_T§> .

Tx @ » Rx

Figure 7.11 A simple fiber-optic system.
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Figure 7.12 Input and output of the fiber. f, = —21 ps*/km, L = 40 km, FWHM = 50 ps, bit rate = 10 Gb/s. Fiber loss
is ignored. (a) Input and (b) output.

After propagating a distance L, the power distribution is given by Eq. (2.161),

2
P(t,L) = P, exp <—’—2> , (7.92)
TL
where
Ty + p5L?
T} =——F—. (7.93)
TO

The FWHM at the transmitter and the receiver is 1.6657, and 1.6657, respectively. From Eq. (7.93), we see
that if we choose very small 7,,, 7; becomes very large since Tg appears in the denominator. If we choose
very large T, T; could become large when Tg > ﬁzsz. Therefore, for the given |f,|L, T}, has to be optimized.
The optimum 7}, can be found by setting

Mo _ (7.94)
T, '
Using Eq. (7.93 ) in Eq. (7.94), we find the optimum 7, as
7" = \/B,L. (7.95)
The r.m.s. width of a Gaussian pulse is related to 7, by [4]
o(z=0)=0,=Ty/V2, (7.96)
o(z=Ly=0, =T,/V2. (7.97)

Now, Eq. (7.93) may be rewritten as . 5
2
e 400 + ﬁzL

L 2
40'0

(7.98)

www.EngineeringEBooksPdf.com



Transmission System Design 315

To have negligible ISI, the pulse at the receiver should remain within its bit slot. The commonly used criterion
is [4]

where T} is the bit interval. Using Eqgs. (7.98) and (7.99), we obtain

1/2
l40'3 +ﬂ§L2] /

B < (7.100)

=

403
If we choose the optimum pulse width 7™, the corresponding o, is y/f,L/2. Using this value of o, in
Eq. (7.100), we find [4]

B(|p,|D)'* < }L. (7.101)

For fixed |f,|, as the bit rate increases linearly, the maximum transmission distance decreases as L172, To
undo the pulse broadening due to fiber dispersion, a DCF may be used (see Chapter 2) or it may be com-
pensated in the electrical domain using a DSP (see Chapter 11). In some applications such as metro/access
networks, it would be expensive to use DCF or coherent receivers. For such applications, Eq. (7.101) provides
a simple design rule relating the reach, bit rate, and dispersion.

Example 7.3

A fiber-optic system is upgraded to operate at 10 Gb/s from 2.5 Gb/s. The maximum transmission distance at
2.5Gb/s at a BER of 10~ was 100 km. Find the corresponding distance at 10 Gb/s. Assume that the trans-
mission fiber is unchanged and the penalty due to fiber dispersion is the same in both systems.

Solution:
Let

B, =2.5Gb/s, B, = 10Gbrs,

L; =160 km.
From Eq. (7.101), we have
B,L\”* =B,L)*,
L, = 10km.

7.4 ASE-Induced Limitations

To transmit an optical signal over a long distance, amplifiers have to be introduced along the transmission
line. Otherwise, the received power could be too low to detect. In Section 7.2.1, we found that 9 photons/bit
is required at the receiver for a PSK signal to achieve a BER of 10°. The number of photons/bit at the
receiver can be increased by introducing amplifiers. However, amplification by stimulated emission is always
accompanied by ASE, which enhances the noise in the system. In a long-haul fiber-optic system consisting
of a chain of amplifiers, ASE builds up over many amplifiers, which degrades the transmission performance.
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Figure 7.13 A long-haul fiber-optic system consisting of a transmitter, a receiver, N fibers, and N amplifiers.

In this section, we ignore the fiber dispersion and consider only the fiber loss, amplifier gain, and ASE.
Fig. 7.13 shows a fiber-optic system consisting of transmission fibers and in-line amplifiers. Let H; and G;,

j=1, ... ,N be the fiber loss and amplifier gain of the jth stage, respectively. The power spectral density of
ASE introduced by the jth amplifier per polarization is
Pask.j = Nhf(G; = 1), (7.102)

Let us first consider the signal propagation in the absence of noise. Let ﬁin be the mean transmitter output
power. In this section, we assume that the transmitter output is CW. Later, in Sections 7.4.3 and 7.4.4, we
consider the OOK/PSK modulation formats. The received power is

N
P, =[] HGP. (7.103)
j=1
Next, let us consider the propagation of ASE due to the first amplifier. Let the full bandwidth of the optical
filter be Af. The noise power per polarization within the filter bandwidth immediately after the first amplifier
is ng,hf (G — 1)Af. Therefore, the mean noise power at the receiver due to the first amplifier is

N
Py ase = no,hf(G, — DAf [ HG;. (7.104)
j=2
The mean noise power at the receiver due to the nth amplifier is
_ N
P, ase = n,hf(G, - DAF [ HG; (7.105)
Jj=n+1

The total mean noise power at the receiver due to all the amplifiers is
N N N
Pase = 2 Py ase = i AF 3G, = 1) [ H,G;. (7.106)
n=1 n=1 Jj=n+1

When an in-line amplifier fully compensates for the fiber loss, we have G; = 1 / H;. From now on, we assume
that amplifiers (and fibers) are identical and G; = 1/H;. Now, Eq. (7.106) can be simplified as

Pase = Nng hf Af(G = 1), (7.107)

where G = G;,j = 1,2, ... ,N. The cascade of in-line amplifiers and fibers is equivalent to a single amplifier
with unity gain and power spectral density of ASE,

sy = Nng,hf(G = 1). (7.108)
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In this section, we assume ideal in-line amplifiers. If EDFAs are used as in-line amplifiers, the saturation
power of each successive amplifier has to be increased slightly to compensate for the gain saturation caused
by the build-up of the ASE [5]. The optical signal-to-noise ratio is defined as (Eq. (6.107))

mean signal power

OSNR = , (7.109)

mean noise power in a bandwidth of B,

where B, is the reference bandwidth, typically chosen to be 12.5 GHz. The noise power in both polarizations
is twice that given by Eq. (7.107). Using Egs. (7.103) and (7.107), we find the OSNR at the receiver to be

Pin
OSNR = . (7.110)

2Nny,hf (G — DBy

Sometimes, it is convenient to express OSNR in dB units. Assuming G > 1 and noise figure F, = 2n,,, and
dividing the numerator and denominator of Eq. (7.110) by 1 mW, it can be written in dB units as

— hf By,
OSNR(dB) = P;,[dBm] — N[dB] — G[dB] — F,[dB] — 10 log,, Tmw
= P,,[dBm] — N[dB] — G[dB] — F,,[dB] + 58, (7.111)

where we have usedf = 194 THz.

7.4.1 Equivalent Noise Figure

Fig. 7.14(a) shows a two-stage amplifier with loss element, such as a dispersion compensation module
between the two stages. Fig. 7.14(b) shows the equivalent amplifier with gain G, and noise figure F), ..
From Fig. 7.14(a), it is easy to see that _

P, =G HG,P,,. (7.112)

Therefore,
Geq =G, HG,. (7.113)

The ASE PSD of the amplifier j is given by Eq. (6.102),
pase; = (GiF, ;= Dhf/2, j=1.2. (7.114)
The noise power per polarization due to the amplifier 1 in a bandwidth of Af is

Ni = pasg, 1A (7.115)

A Pin an
i G>— w —>— Fon @

JL‘J'.I.] JFvl\.‘. Fn,uq

(a) Two-stage amplifier (b) Equivalent amplifier

Figure 7.14 Two-stage amplifier with a loss element in between. (a) Two-stage amplifier and (b) Equivalent amplifier.
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The ASE due to amplifier 1 is attenuated by the loss element and, then, it is amplified by the second amplifier.
Therefore, the noise power due to amplifier 1 at the output end is

Noy,1 = Pase, 1 AHG,. (7.116)

Similarly, the noise power due to amplifier 2 at the output end is pagg ,Af, and the total noise power at the
output is

Nouw = (Pase, 1 HG, + pasp ) Af- (7.117)
Therefore, the PSD at the output is
PASEeq = Ai%;t = pase 1 HGy + pasg - (7.118)
Using Eq. (7.114), we obtain
Paskeq = (G F, GoH + GyF, y — HGy — 11 hf /2. (7.119)

For an equivalent amplifier shown in Fig. 7.14(b), we have

PASEeq = (Gean,eq - l)hf/z (7.120)
Comparing Egs. (7.119) and (7.120), we obtain
F,» 1

n,
Fn,eq =Fn,l + G H - G_
1 1

(7.121)

Note that in Eq. (7.121), the noise figure of the second amplifier is divided by the gain of the first ampli-
fier and the loss, H. Therefore, in practice, an amplifier with higher noise figure is used as the second
stage and/or an amplifier with higher gain is used as the first stage. Typically, G; > 1 and Eq. (7.121)
reduces to

Fn,Z

G\H

Foeqg=F, 1+

neq —

(7.122)

If two amplifiers are cascaded without a loss element in between, H = 1 and Eq. (7.122) becomes [4, 6]

Fyo
Freq=2Foi+ G’l . (7.123)
The effective noise figure of a cascaded chain of k amplifiers is given by (Exercise 7.9)
Freq=Fo1 + R L Sl (7.124)
’ ’ G, GG, GGy -Gy

7.4.2  Impact of Amplifier Spacing

Consider the long-haul fiber-optic system with identical amplifier gains and noise figures. The power spectral
density of ASE at the output is given by (Eq. (7.108))

Pasel = ny,hflexp (aL,) — 1IN, (7.125)

where L is the amplifier spacing and G = exp (aL,). Let the total transmission distance, L, be NL. Eq.
(7.125) can be rewritten as

= n, hf[ex (aL)—l]Iﬁ (7.126)
- "sp p a L . .

a

eq
PASE,1
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Figure 7.15 Dependence of the effective PSD on the amplifier spacing in a long-haul fiber-optic system.

Suppose we reduce the amplifier spacing by a factor of 2, but keep L, fixed. Now, the PSD is

eq " Ltot
Pasgr = nsphf[exp (aL,/2) - l]L ) (7.127)
By expanding the exponential function by a Taylor series, it is easy to show that pygg, < pagg (- In general,
as the amplifier spacing is increased, the PSD of ASE at the output becomes large. This is because the PSD
increases exponentially with L due to the first term in the square bracket of Eq. (7.126) when exp(aL,) > 1,
although it scales inversely with L, due to the term in the denominator. In practice, exp(aL,) > 1 and the
exponential growth dominates the linear increment. Fig. 7.15 shows the PSD of ASE at the receiver as a func-
tion of amplifier spacing. As can be seen, the PSD of ASE increases almost exponentially with the amplifier
spacing. From the theoretical standpoint, it is desirable to make the amplifier spacing as small as possible.
However, due to practical limitations, the amplifier spacings are in the range of 60—125km for long-haul
terrestrial communication systems. If distributed amplification, such as Raman amplifiers, is used, the growth
of ASE power can be substantially reduced.

7.4.3 Direct Detection Receiver

Let us consider the impact of ASE in a long-haul direct detection system consisting of a chain of amplifiers
as shown in Fig. 7.13 based on OOK. When a bit ‘1’ is sent, the optical power at the receiver is

P, =P, (7.128)

where P, is the peak power. The mean currents are

I, = RP;, + 2Rp}{.B,, (7.129)
Iy =2Rp}\.B,. (7.130)
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As in Section 7.2, we assume that the optical filter is an ideal band-pass filter with bandwidth B\, = ), and
the electrical filter is an ideal low-pass filter with bandwidth f,. The variances of bit ‘0" and ‘1’ are given by
Egs. (7.17) and (7.20), respectively as

4k, TS 2
o =2ql,f, + % + 2R (08, ) 2, — £ (7.131)
L
4k, T,
01 =2, f, + —o= + 2R PGPy [+ A O, — L) (7.132)

L

The long-haul fiber-optic systems are typically amplifier noise-limited and, hence, some approximations
can be made while calculating the Q-factor. The variance of shot noise and thermal noise can be ignored
compared with the variance of signal-spontaneous beat noise. Also, when the signal power is large,
spontaneous—spontaneous beat noise can be ignored as well. Under these conditions,

o} = 4R?P; [Nny,hf (G — D]f,. (7.133)

o2 =0, (7.134)

0= \/—f’i“ . (7.135)
ANng,hf (G — 1,

From Eq. (7.135), we see that the Q-factor is independent of the responsivity R, under these approximations.
Q can be increased by increasing P;, or decreasing the gain G. Since G = 1/H, Q can be increased by using
low-loss fibers. From Eq. (7.135), we see that as the number of amplifiers (or ny, or G) increases, P;, has to
be increased to keep the Q-factor at a fixed value. The enhancement of the signal power to counter the noise
increase is known as the power penalty. Suppose the number of amplifiers increases from N to 2N, then the
launched power should be doubled to keep the Q-factor fixed (or equivalently, BER fixed). In this case the
power penalty is 3 dB. Using Eqgs. (7.110) and (7.135), we find

2.

opt

OSNR = (7.136)

where we have used Fin = P;,/2 for OOK. Solid and dotted lines in Fig. 7.16 show the BER obtained using
the exact Q-factor (Egs. (7.131) and (7.132)) and approximate Q-factor (Eq. (7.135)), respectively. Since

1073 T T T T

10710

10720

1 0—25 | | | |
50 60 70 80 90 100

No. of amplifiers

Figure7.16 BER vs. number of amplifiers for direct detection system. Parameters: n,, = 2, a = 0.2 dB/km, amp. spacing
=80km, gain G = 16dB, R, = 1000 Q, T =200K, R = 1 A/W.
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the difference between these curves is negligible, the approximation that the variance of receiver noise is
much smaller than that of ASE is good. When spontaneous—spontaneous beat noise is comparable with
signal—spontaneous beat noise, Eq. (7.136) needs to be modified [7—9]. Note that the Gaussian distribu-
tion is an approximation and the amplifier noise after the photodetector is actually chi-square distributed [7]
(see Chapter 8).

Example 7.4

In a 1.55-pm long-haul fiber-optic system based on NRZ-OOK as shown in Fig. 7.13, 80 identical amplifiers
are placed periodically with a spacing of 80 km. The mean fiber launch power = —3 dBm, fiber loss coeffi-
cient @ = 0.0461 km™!, amplifier loss is fully compensated by the amplifiers, and ng, = 1.5. Electrical filter
bandwidth, f, = 7GHz and f, < f;,. Calculate (a) OSNR in a reference bandwidth of 0.1 nm, (b) Q-factor.
Ignore shot noise, thermal noise, and spontaneous—spontaneous beat noise.

Solution:
(a) Since

~I

€
){,
7 @
df = ~5di.
With d4 = 0.1 nm,
= —3x 108 x (0.1 x 107%)
d =Bopt= 0
(1.55 x 10-6)
=12.48 GHz,

Hz

G =exp(aL,)
= exp(0.0461 x 80)
=39.96,

G(dB) = 10 log,,G
=16.01dB,
=19.03dB,

F, = 2nsp,
F,(dB)=4.77dB,
P, (dBm) = =3 dBm.

Using Eq. (7.111), we find
OSNR(dB) = P, (dBm) — N(dB) — G(dB) — F, (dB) + 58
=—-3-19.03 - 16.01 —4.77 + 58
=15.19dB.
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The mean launch power
P, = —3dBm.
So the peak power is (assuming NRZ rectangular pulses)
Py, = ZFin
=2x1076/19 mw
=1mW.

Using Eq. (7.135), we find

P in
4Nng,hf (G = 1)f,

1x10-3
\/4 X 80 X 1.5 % 6.626 X 10734 x 193.5 x 1012 x (39.96 — 1) x 7 x 10°
=7.71.

7.4.4 Coherent Receiver

Consider the fiber-optic system shown in Fig. 7.13 with balanced coherent detection. Let the received field

envelope be

q(1) = A,s(t) + nagg(D),

(7.137)

where A,.s(t) and n,gp(?) are the signal and ASE noise field envelopes, respectively. In this case, Eq. (7.32) is

modified as

I = 2RALORC {A,S(Z‘) + nASE(I)} + nsh0t+ - nshot_.

Consider a bit ‘1’ of the OOK system. Let us first ignore the shot noise and write Eq. (7.138) as

=1+,
7= 2R\/ProP,,
81 = 2R\/P oRe {nxgg} .
Let
nase = |nasgl exp(if),
Re {nyge } = Inasel cos(d).
Since 0 is a random variable with uniform distribution, it follows that
<ol >=0,
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Proceeding as in Section 6.5.1, Eq. (7.145) is simplified as
< 61 >=2R*P; o P s (7.146)

where P,qg is the mean noise power within the receiver bandwidth. The variance given by Eq. (7.146)
represents the signal—spontaneous beat noise due to the interaction of the LO signal and ASE. Note that
spontaneous—spontaneous beat noise is absent when the balanced coherent receiver is used. We assume that
P; o > P,. So the variances of ‘1’ due to ASE, shot noise, and thermal noise are

GIZ,ASE = 2R*P 0P sk (7.147)
o7 ot = 24B.RP o, (7.148)
O themat = 45 TBe /Ry (7.149)
o = "12,ASE + Ulz,shot + Ulz,thermal' (7.150)
Similarly, for bit ‘0’, we have
6(2),ASE = O-]z,ASE’ (7.151)
T shot = Ol shor (7.152)
Gé,thermal = Glz,thcrmal’ (7.153)
o, =01 (7.154)
The mean currents of bit ‘1" and ‘0’ are
I, = 2R\/P o P,,. (7.155)
Iy =0. (7.156)
The Q-factor is
Qook = 21711 (7.157)
Skt e (7.158)

V/2RZP P rsp + 2qB,RPL o + 4kzTB, /R,

For a long-haul fiber-optic system, the ASE noise due to amplifier chains is dominant. Hence, the shot noise
and thermal noise can be ignored in Eq. (7.157) to obtain

Qoox = Prr (7.159)
2P \sE
For a fiber-optic system with the loss fully compensated by amplifier gain, we have
P, =P, =2P,. (7.160)

We assume that the electrical filter bandwidth B, is smaller than the optical filter bandwidth, so that (see
Eq. (6.52))
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Eq. (7.159) becomes
P (7.162)
= . .
2ppseBe

Qook =

Note that the Q-factor is independent of the responsivity R and LO power P; o when the shot noise and thermal
noise are ignored. For PSK, I, = —I, and Eq. (7.159) is modified as

(7.163)

Fig. 7.17 shows the BER as a function of the number of amplifiers. Solid lines show the exact Q-factors
obtained by including shot noise and thermal noise and the X marks show the approximate Q-factors obtained
using Eqgs. (7.159) and (7.163). As can be seen, PSK outperforms OOK. For a fixed BER, the transmis-
sion reach can be doubled by using PSK compared with OOK. Eq. (7.163) can be cast into another form
by setting

P, T
N, =2t (7.164)
hf
PuseT,
N, = —ASEZb. (7.165)
hf

Here, N, and N,, denote the mean number of signal photons and noise photons, respectively. Using Eqs. (7.164)
and (7.165) in Eq. (7.163) and with B, = 1/(2T},), we find

Q% = %. (7.166)
PSK N

n

10° T T T T T

107 —
% 10—10 | |
M
10-15 i
10720 ] ] ] ] ]
60 80 100 120 140 160 180
No. of amplifiers
Figure 7.17 BER as a function of the number of amplifiers for a coherent fiber-optic system. Parameters: ng,=2a

= 0.2dB/km, amp. spacing = 80km, gain G = 16dB, R, = 1000 Q, T = 200K, R = 1 A/W, ;in =—6dBm, and P, =
10 mW.

www.EngineeringEBooksPdf.com



Transmission System Design 325

To have Q = 6, the signal photon-to-noise photon ratio N;/N, should be 18. When N, is very small, the
amplifier noise variance becomes comparable with the shot noise and Eq. (7.166) becomes less accurate.
When the shot noise is included, Eq. (7.166) is modified as (see Example 7.8)

2N, (7.167)
N, +1/2° '

2 _
Opsk =
Example 7.5

In a 1.55-pm coherent long-haul fiber-optic system based on PSK as shown in Fig. 7.13, fiber loss =
0.2 dB/km, amplifier spacing L, = 100 km. Fiber loss is fully compensated by the amplifier placed periodi-

cally along the transmission line. The mean fiber launch power = —=2dBm, ny, = 1.4, and B, = 5 GHz. Find

the transmission distance at which the BER becomes equal to 1079, Ignore shot noise, thermal noise, and
spontaneous—spontaneous beat noise.

Solution:
loss(dB) = 0.2 x 100 = 20 dB.
When the loss is fully compensated by the gain, we have
G(dB) = loss(dB)
=20dB,
G = 10*/1° = 100.
The ASE power spectral density
= Nn,hf (G — 1)
=N X 1.4 %6.626 x 1073* x 193.54 x 10'% x (100 — 1)
=N x 1.77 x 107" W/Hz.

eq
P ASE

From Eq. (7.163), we have

0 _ I_Jin _ I_Jin
PSK — - = 5
PiaseBe Nng,hf (G — 1B,

Py, =107/1"mW = 6.309 x 10~* mW.

To have a BER of 10~?, Q should be 6,

\/ 6.309 x 104
6= ,
N x1.77%x 1017 x5 x 109

N = floor(197.24) = 197.

or

Total transmission distance = 197 X 100 km

= 19,700 km.
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7.4.5 Numerical Experiments

Consider a 10-Gb/s fiber-optic direct detection system based on OOK. The schematic of the system is shown
in Fig. 7.13. We assume that the gains of the amplifiers are identical and fiber lengths are the same. Let
us first consider the impact of ASE only by ignoring the fiber dispersion. Fig. 7.18(a) shows the eye dia-
gram at the receiver for system #1 when the amplifier spacing = 100 km and number of amplifiers = 30,
so that the total transmission distance = 3000 km. Fig. 7.18(b) shows the eye diagram for system #2 when
the amplifier spacing = 25 km and number of amplifiers = 120, i.e., we reduce the amplifier spacing by a
factor of 4 and increase the number of amplifiers by the same factor. Comparing Fig. 7.18(a) and 7.18(b),
we find that the impact of ASE is much less in system #2 than in system #1. This is because the variance of
signal— ASE beating, 0'52_31,, increases, linearly with the number of amplifiers (Eq. (7.133)). But, as the number
of amplifiers is increased, the amplifier spacing is reduced, which reduces the fiber loss and also the gain G.
The gain G is

G = exp(aL,), (7.168)

where « is the fiber loss coefficient and L, is the amplifier spacing. When L, is reduced by a factor of 4, but

the total transmission distance is fixed, G reduces exponentially whereas the number of amplifiers increases
linearly. Since the exponential decrease dominates the linear increase, the net effect is to lower O'SZ_SI, and the
performance increases if we choose a smaller amplifier spacing.

Next, we consider the impact of fiber dispersion and ignore ASE. Fig. 7.19(a) and (b) shows the eye dia-
grams when fi, = —1 ps?/km and §, = —5 ps>/km, respectively. As can be seen, as the dispersion coefficient
increases the pulses broaden, leading to performance degradation. Fig. 7.20(a) and (b) shows the eye diagrams
when ASE is turned on and f, = —1 ps?>/km and f}, = —5 ps?/km, respectively.

1.4~ 1.4~

Current, /
Current, /

Time (s) x 10710 Time (s) x 10710
(@) (b)
Figure 7.18 Eye diagrams for a direct detection system based on OOK. Total transmission distance = 3000 km, bit rate

= 10Gb/s, and ny, = 1.5. (a) System #1. Amplifier spacing = 100 km, number of amplifiers = 30 and (b) System #2.
Amplifier spacing = 25 km, number of amplifiers = 120.
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Current,

Time (s) x 10710 Time (s) x 10710
(a) (b)

Figure 7.19 Eye diagrams for a direct detection system. Amplifier spacing = 100 km, number of amplifiers = 10. ASE
is turned off. (a) , = —1 ps’/km and (b) B, = —5 ps*/km.

1.4~ 55
A\
1.2+ /A ,/, -\ |
&K //‘A W
I8~ oo PR g \
1.5
~ 0.8 - // ) ’
: g AN =
= = RN NN ALK
g 06 qt) %?‘:"Q“:‘;@s}’.".&:{ \\“\‘\
5 =S| e, 4,(//‘\»\\‘ = ,&.&;&& \
) - NS ARTAX 22
0.4 VAN "t\tﬁ/'./’i"“‘
| N
0.2
0
0.5 0 0.5 1
Time (s) x 10710 Time (s) x 10710

(@) (b)

Figure 7.20 Eye diagrams for a direct detection system. The parameters are the same as those of Fig. 7.19, except that
ASE is turned on. ng, = 1.5, number of amplifiers = 10. (a) f, = —1 ps?/km and (b) p,=-5 ps?/km.

7.5 Additional Examples

Example 7.6

In the fiber-optic system of Fig. 7.5, « = 0.18 dB/km and fiber length L = 190km, 7" = 298 K, P;, = 1 dBm,
R=11A/W,R; =2009, f, =7.5GHz, and f, = 20 GHz. The noise figure and gain of the preamplifier are
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4.5dB and 20 dB, respectively. Find the O-factor at the receiver, assuming that the operating wavelength is
1.55 pm.

Solution:
The optical power at the receiver after the preamplifier is

P,,(dBm) = P;,(dBm) — loss(dB) + gain of the preamplifier(dB),

loss(dB) =0.18 x 190 dB
=34.2dB.

Gain of the preamplifier(dB) = G(dB) = 20dB,

P, (dBm)=1-342+20dBm
=—13.2dBm.

Poy = 1073210 mW = 478 x 10> mW,

pase = hf(G = Dn,,

G 3x 108
=—=—"— =193.54THz.
f A 1.55% 1076 “
From Eq. (6.105), we have
T T

F,(dB) = 4.5dB,
F,=10*/1 = 2818,
ng, = 1.400,

G = 106WB/10 — 100,

Pasg = 6.626 X 1073* x 193.54 x 10'? x (100 — 1) x 1.409
=1.78 x 10717 W/Hz,

I} =RP,y +2pase f,
=11x47%x107°+2%x1.78 x 1077 x 20 x 10° A
=5.32%x 1072 mA,

Iy =2Rppsi f,
=2x1.1x1.78x 1077 x20x 10° A
=7.83 x 107" mA,
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of =2qI.f, + + 2R?ppse[2P oy fo + Pase S, — )]

4kpTf,
R

4x%1.38x 10723 x 298 x 7.5 x 10°
200

=2x1.602x 1079 %532%x 107> x7.5%x 10° +

+2x1.1°%1.78 x 1077 x [2x 4.78 X 107> x 7.5 x 10°
+1.78 x 10717 x (2 x 20 x 10° — 7.5 x 10°) x 7.5 x 10°]
=3.18x 10711 A2,

2 =21, + e 4 2R BCS, 1,

4x1.38x 10723 x298 x 7.5 x 10°
200

+2x 1.17%(1.78 x 10717)? x 2 x 20 x 10° = 7.5 x 10°) x 7.5 x 10°
=8.05%x 10713 A2,

=2x%x1.602%x107" x7.83x 1077 x7.5x 10° +

Il _10
B (o3} aF (o)}
5.32%x 107 —7.83 x 1077

V/3.18 x 10-11 + /8.05 x 10-13
=8.031.

Example 7.7

A two-stage amplifier with a DCF between the stages needs to be designed. The insertion loss of the DCF
is 7dB. There are two amplifiers Ampl and Amp2 with gains G; = 8 dB and G, = 16 dB, respectively. The
noise figures of the amplifiers are F, ; = 7dB and F, , = 5.5 dB. Find the optimum amplifier configuration.

Solution:
Since Amp2 has the lower noise figure, let us first choose Amp?2 as the first amplifier. From Eq. (7.122) with
the indices reversed, we have

n,1
Fn,eq = Fn,2 + GZ_H’

= 10fn1@B/10 = 501,

= 107»2@B)/10 = 354,

G, = 1092@B)/10 — 39 g1,
H = 107UB/10 = 501,
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5.01
b 39.81 x 5.01

F, ¢q(dB) = 5.52dB.
Thus, the F,, of the equivalent amplifier is roughly the same as that of Amp2. The net gain is
Geq = GLHG,,
G¢q(dB) = G,(dB) + H(dB) + G,(dB)
=16—-7+8dB
=17 dB.

If we choose Ampl as the first amplifier, from Eq. (7.122) we find

F 2
Fn,eq = AF G:LH
3.54
=501+ —————
6.309 x 5.52

=5.11,
F,.q(dB) = 7.08 dB.

In this case, the equivalent noise figure is roughly the same as that of Ampl. Therefore, the optimum config-
uration is the one in which the first amplifier is Amp2.

Example 7.8

In the presence of ASE noise and shot noise, show that the Q-factor of a fiber-optic system based on PSK

with balanced detection is given by 5
N
2 s
=— 7.169
Q N,+1/2 ( )

where N, and N, are the mean number of signal photons and noise photons, respectively. Assume 7 = 1.

Solution:
For PSK, I; = —I. Ignoring the thermal noise, Eq. (7.158) is modified as

V2R2P 4P g + 2gB,RPy

Since R = nq/hf and n = 1, Eq. (7.170) becomes

[ 2P,
Y (7.171)
Pasg + hfB,
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Using a Nyquist filter, |
B, = —. 7.172
Eq. (7.171) becomes
2P, T,
Qpsk = 1 [ L N— (7.173)
PrseTy +hf /2
Using Egs. (7.164) and (7.165), Eq. (7.173) becomes
Q% = 2N, (7.174)
PSKT N, +1/2° '

Example 7.9

A 1.55-pm long-haul fiber-optic system based on OOK that uses a direct detection receiver is shown in
Fig. 7.21. The output of the TF passes through a two-stage amplifier with gain G; = 16 dB and G, deter-
mined by the condition that the output power of Amp2 is the same as that at the transmitter output. The noise
figures of Ampl and Amp2 are 5.5 dB and 7.5 dB, respectively. The loss and dispersion coefficients of the TF
are 0.18 dB/km and —21 ps?/km, respectively, and the corresponding coefficients of the DCF are 0.5 dB/km
and 145 ps?/km, respectively. Other parameters: mean transmitter output power = —2 dBm, length of the TF
= 100 km, number of spans = 70, f, = 7 GHz. Calculate (a) the length of the DCF so that the DCF compen-
sates for 90% of the accumulated dispersion of the TF, (b) the gain G,, and (c) the Q-factor. Ignore the shot

noise, thermal noise, and spontaneous—spontaneous beat noise.

Figure 7.21 A long-haul fiber-optic system based on OOK.

Solution:
(a) Total accumulated dispersion of the single-span TF:

STF = ﬂz,TFLTF

=-21%x107%" x 100 x 10° s>

=-21x1072¢2

Accumulated dispersion of the DCF:

spcp = —0.9s1p = 1.89 x 10721 2,

DCF
: Ampl Amp2 :
Tx %
|

Rx
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_ 1.89x 102!
145 x 1027

(b) Since the amplifiers compensate for the loss due to TF and DCF exactly, we have

= 13.03 km.

G,(dB) + G,(dB) = Hyg(dB) + Hpcp(dB),
Hyp(dB) = 0.18 x 100 = 18 dB,
Hpcp(dB) = 0.5 % 13.03 = 6.517dB,
G,(dB) = 16,

G,(dB) = 18 + 6517 — 16 = 8.517 dB.

(c) A two-stage amplifier with a DCF in between can be replaced by an equivalent amplifier with gain

Geq(dB) = G,(dB) + G,(dB) — Hpcr(dB) = 18dB,
Gy = 10"/19 = 63.09,
Fop 1

n
GIHDCF Gl ’
F,(dB) = 5.5dB,
F,, =10>3/10=3548,
F,,(dB) = 7.5dB,
F,, =101 =562,

Foou=F, +

n,eq n,1

Hpcp = 107Hocr@B)/10 — 593,
G, = 10'%/10 = 3981,
F, oo =3.548 + 2602 1 _ 456
< 39.81 x0.223  39.81

Since we have 70 identical spans, the PSD of the ASE at the receiver is

PASE.eq = 70 x hf(Gean,eq - 1)/2
=70% 6.626 x 1073 x 193.54 x 10'% x (63.09 x 4.156 — 1)/2 W/Hz
=1.17 x 107 W/Hz.

For OOK, the peak power is twice the average power:

Py =2 X 10Pn(@Bm/10 gy
=12x107W.
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oo [ Pa_
4P ASE eqfe

_\/ 1.26 x 1073
4x1.17x 10715 x 7 x 109

=6.2

Using Eq. (7.135), we find

Exercises

7.1 1In a fiber-optic system based on OOK as shown in Fig. 7.1, fiber loss = 0.21 dB/km, length
L = 120km, peak power at the transmitter = 2dBm, 7 =23°C, R, = 100Q, B, = 7GHz, and
R = 1.1 A/W. Find (a) the peak power at the receiver, (b) the Q-factor, and (c) the BER.

(Ans: (a) —23.3 dBm, (b) 4.89, (c) 4.84 x 10~7.)

7.2 Ina 1.55-pm fiber-optic system based on OOK as shown in Fig. 7.5, the peak transmitter power P, =
2 dBm, fiber loss coefficient« = 0.2dB/km, 7 = 290K, R; = 1000Q,R = 1 A/W, B, = 20GHz, B, =
7.5 GHz, gain and n, of the preamplifier are 25 dB and 1.5, respectively. Find the maximum achievable
transmission distance to have a BER of 1077,

(Ans: 190.5km.)

7.3 1Ina 1.55-pm coherent fiber-optic system based on PSK, as shown in Fig. 7.7, find the lower limit on
the LO power such that the shot noise dominates the thermal noise and the difference between the
Q-factor given by Eq. (7.62) and the exact Q-factor is < 2.5%. The mean received power = —45 dBm,
T=293K,n=0.8,R, =200, and B, = 7GHz.

(Ans: 5mW.)

7.4 The received signal of an unrepeatered coherent fiber-optic system passes through a preamplifier of
gain G and spontaneous noise factor ny,, as shown in Fig. 7.22. Develop a mathematical expression
for the O-factor including the LO—spontaneous beat noise and shot noise.

Preamplifier
Tx @i —>——->—| Balanced =1l

coherent
Rx front
end

LO

Y

Figure 7.22 A balanced coherent receiver with a preamplifier.

7.5 Find the maximum transmission distance of a metro network operating at 10 Gb/s in which the fiber
dispersion is not compensated in the optical or electrical domain if the transmission fiber dispersion
B, is (a) 5ps?/km, (b) —21 ps/km. Use the criteria given by Eq. (7.101).

(Ans: () 125km, (b) 29.76 km.)
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7.6

7.7

7.8

7.9

7.10

For a long-haul fiber-optic system consisting of 10 identical amplifiers with gain G = 30 dB and noise
figure F,, = 4.5 dB, it is desirable to have a OSNR of 15dB (in 0.1 nm bandwidth) at the receiver. Find
the transmitter power launched to the fiber.

(Ans: —1.5dBm.)

A 20,000-km transmission system at 10 Gb/s based on OOK with direct detection needs to be designed.
The required Q-factor at the receiver should be > 5. Fiber loss = 0.18 dB/km and the loss is exactly
compensated by periodically placed amplifiers. Write a program to find the maximum amplifier spacing
allowed. Assume B, = 7.5 GHz, R = 1 A/W. Ignore shot noise and thermal noise.

Explain how a larger amplifier spacing deteriorates the system performance in a long-haul fiber-optic
system.

For a cascaded chain of k amplifiers, show that

F,,—1 F

n n.

51 F,

n.

-1
k
+ ot —
Gl Gl G2 Gl GZ' . 'Gk—l

Freg=Fi1+ (7.175)

where F), ; and G; are the noise figure and gain of the jth amplifier, respectively.

Write a program to calculate the OSNR and BER of a long-haul fiber-optic system with
direct/coherent detection. Include shot noise, thermal noise, signal—spontaneous beat noise and
spontaneous—spontaneous beat noise (if applicable). Compare the BERs obtained using the
exact Q-factor and approximate Q-factor obtained by ignoring shot noise, thermal noise, and
spontaneous—spontaneous beat noise.
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Performance Analysis

8.1 Introduction

In Chapter 4, various types of digital modulation schemes such as PSK, OOK, and FSK were introduced and
in Chapter 5, different receiver architectures such as direct detection, homodyne, and heterodyne detections
were discussed. In this chapter, the performances of these modulation schemes with the different receiver
architectures are investigated. Firstly, the concept of a matched filter is introduced in Section 8.2. In practice,
optical matched filters are rarely used in optical communication systems due to the difficulties involved in
fabricating such a matched filter. Nevertheless, the performance is optimum when the matched filters are
used, and the expressions for the error probability developed in this Chapter using the matched filters provide
a lower bound on the achievable BER.

8.2 Optimum Binary Receiver for Coherent Systems

In this section, we consider the generalized model for the optimum binary receivers (See Fig. 8.1) and later, we
apply this model to various detection schemes. Let x,(#) and x,(#) be the real optical signals used to transmit
bits ‘1’ and ‘0, respectively:

(8.1)

) = x,(#) when the message = ‘1’
a Xo(t) when the message = ‘0.

Here, xj(t), Jj=0,1 are arbitrary pulses of duration <7}, where T}, is the bit interval. We assume that the
channel can be modeled as an additive white Gaussian noise (AWGN) channel, which means that the power
spectral density of the noise is constant and the probability distribution of the noise process is Gaussian. The
output of the channel may be written as

Y1) = x(1) + n(?), (8.2)
where n(t) is the noise added by the channel and
b= No/2 (8.3)
is the power spectral density of n(7). Let the Fourier transform of x;(7) be
¥(w) =Flx(0],j =0, L. (8.4)

The channel output is passed through a filter. The purpose of this filter is to alter the ratio of the signal power
and noise power so that the best performance can be attained. The filter multiplies the signal spectrum by

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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AWGN
channel T
= .
M) SN a0 +n() Ho) H0) = u(t) + np(t) A~ Threshold | Decison
B g @ g ° device
r(Ty)

4

n(r)

Figure 8.1 A generalized model for the optimum binary receivers.

H(w) and, therefore, after passing through the filter, the signal component is

u(t) = u,(#) when b%t ‘1 %s transm%tted (8.5)
ug(t) when bit ‘0’ is transmitted
with
uj(t) = 1 / Xi(w)H(w) exp (—iwt) dw,
27 J_ o
j=0,1. (8.6)
After passing through the filter, the noise variance is given by
* N,
62 = L / 20| ()2 do. 8.7)
27 J_o 2

The received signal r(f) can be written as the superposition of the signal and noise at the filter output. The
decision is based on samples of r(¢):
(1) = u(t) + np(1), (8.8)

where n;(f) is the noise at the filter output. To determine if the message is bit ‘0’ or bit ‘1°, the received signal
r(t) is sampled at intervals of 7},. Since the noise sample n;(7},) is a Gaussian random variable with zero mean
and variance o2, the received signal sample r(T},) is a Gaussian random variable with mean u(7},) and variance

2. Its pdf is given by ,
r—u(T,)
p(F) = —— exp _lr=uml . (8.9)
\2ro 207

Let r; be the threshold. If #(7},) > rr, the threshold device decides that the bit ‘1’ is transmitted. Otherwise,
the bit ‘0’ is transmitted. When a bit ‘1’ is transmitted, u(7},) = u;(T}). In this case, the conditional pdf is

2
—uy(T
! exp{—[r;;(zb)]}. (8.10)
\V2ro o

Fig. 8.2 shows the conditional pdf p,(r). The area of the shaded region in Fig. 8.2 is the chance that the
received signal r(7},) < rp when bit ‘1’ is transmitted. A bit error is made if the decision device chooses a bit
‘0’ when a bit ‘1’ is transmitted. This happens if 7(T},) < r;. Therefore, the probability of mistaking a bit ‘1’
as a bit ‘0’ is the area under the curve p,(r) from —oo to r; and is given by

2
: — (T
PO|1) = —1 /Texp{—[r;t;(zb)]}dr. @.11)
V2o /- o

p(r|‘1” sent) = p,(r) =
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pi(n)

P(1]0)

PO|1)

w(y T w1y
Figure 8.2 Conditional pdfs. P(0|1) is the chance of mistaking bit ‘1’ as bit ‘0’. P(1]0) is the chance of mistaking bit
‘0" as bit ‘1.

Similarly, when a bit ‘1’ is sent, the conditional pdf is

2
r—uy(T})
p(r|°0” sent) = py(r) = \/21_”0 exp {—% } (8.12)

The probability of mistaking a bit ‘0’ as a bit ‘1’ is the area under the curve py(r) from r; to co (shown as

slanted lines in Fig. 8.2):
2
© r—uy(Ty)
P(1]0) = — / exp —# dr. (8.13)
\V2re Jrr 20

P, = P(O|1)P(1) + P(1|0)P(0), (8.14)

The total BER is given by

where P(j) is the probability of sending bit °j’,j = 0, 1. Assuming that the bits ‘1’ and ‘0’ are equally probable,
we obtain

P, = %[P(Oll) + P(1]0)]. (8.15)
Substituting Eqs. (8.13) and (8.11) in Eq. (8.15), we find
1 rT o0
P,= 3 [/ pl(r)dr+/ po(r)dr] (8.16)
—00 rr

2 2
r — u(T 0 — un(T
= 1 /Texp _M dr+/ exp _m dr. (8.17)
24/ 2xo -0 207 T 202
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To find the minimum BER, the threshold r; and the filter transfer function H(w) should be optimized. Let us
first consider the optimization of threshold 7. P, is minimum or maximum when

oP
by, (8.18)
ory

Differentiating Eq. (8.16) with respect to r; and setting it to zero, we find

p1(rp) = po(ry), (8.19)

2 2
ry—u(T)) rr — uy(T)
exp{_%}zexp{_%}. (5.20)

Thus, the optimum threshold r; corresponds to the inter section of curves py(r) and p,(r) in Fig. 8.2. From
Eq. (8.20), we see that
rr = uy(Ty) = x[rp — uy(T)y)]. (8.21)

Taking the negative sign in Eq. (8.21), we find
rp = [ug(Ty) + u (T)]/2. (8.22)

If we choose the positive sign, it would lead to u,(7},) = u,(7}), which is not true in our case. The optimum
threshold condition given by Eq. (8.19) is valid for arbitrary pdfs, while that given by Eq. (8.22) holds true
for Gaussian distributions. From Eq. (8.22), we see that the optimum threshold r; is at the middle of u(7})
and u,(T}). Since the conditional pdfs p,(r) and p,(r) are symmetrically located with respect to the optimum
threshold r; (Fig. 8.2), P(0|1) and P(1|0) should be equal. Therefore, Eq. (8.17) can be rewritten as

2
o — (T,
P, = —1 / exp{—w}dh (8.23)
2o Jrr 20

V2o

Let

exp (—zz) dz

1 (o)
pet |
V7 i @n/V2s

= Lerfe <—rT — uO(Tb)) , (8.25)
2 V2o

where erfc(+) is the complementary error function defined as

erfc(z) = 2 / exp (—y?) dy. (8.26)
\r J:
Using Eq. (8.22), Eq. (8.25) becomes
P, = %erfc < %) (8.27)
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where
_ [u,(T},) — uo(Tb)]z
v= g
[/, [71(@) — Xy(@)] H(w) exp (—iwT)) da)]2

= ) 8.29
Ny [ |H()|? dw (8:29)

(8.28)

From Fig. 8.3, we see that as v increases, P, decreases and therefore, to minimize Py, v should be maximized.
v can be maximized by the proper choice of filter transfer function H(w). If the filter is too wide (Fig. 8.4(a)),
the variance of noise given by Eq. (8.7) increases since the variance is proportional to the area under the

109 T T T T T

1072

1073 L L L L L

Figure 8.3 Dependence of the BER on v.

|F ()]

|H(w)]?

Frequency, @ Frequency, @

(a) (b)

Figure 8.4 Received signal spectrum and the receiver filter transfer function: (a) wide-bandwidth filter;
(b) narrow-bandwidth filter.
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curve |H(w)|* and, therefore, v decreases. If the filter is too narrow (Fig. 8.4(b)), a significant fraction of the
signal component is truncated by the filter and, therefore, the numerator of Eq. (8.29) becomes too small. The
optimum filter transfer function can be obtained by setting the variation of v with respect to H(w) and H* ()
to zero:

ov ov
SH- 0 and S 0. (8.30)
To find the variations given by Eq. (8.30), let us replace the integrals of Eq. (8.29) by summations:
2
Y [x1(@,) - %y(,)] Ho,) exp (=iw,T,)Aw,
v= lim =~ 8.31
Aw, =0 Ny Y |H(w,)|?Aw, (8:31)
n

v can be optimized by setting its partial derivatives with respect to H(w,,) and H*(w,) to zero. Note that
H(w,) and H*(w,,) are independent variables. Alternatively, Re[H(w,)] and Im[H(®, )] can also be chosen as
independent variables:

o 2VNE @, - @)l exp (—iv,T,) N
oH(w,) D D>

where N and D denote the numerator and denominator of Eq. (8.29), respectively. Simplifying Eq. (8.32), we
obtain

2N H* (w,)~ =0, (8.32)

H(w,) = k[X|(0,) — X(@,)] exp (iw,T)),
H(w) = k[X} (@) — Xy(w)] exp (iwT)), (8.33)

k = (2\/—D_> ;%N (8.34)
N 0

is an arbitrary constant, which we set to unity from now on. The same result can be obtained by setting the
variation of v with respect to H*(w) to zero. The filter with the transfer function given by Eq. (8.33) is called
a matched filter. Using Eq. (8.33) in Eq. (8.29), we obtain

where

1/’m@—mm%w

Umax = ﬂ__NvO .
2 [T
2
=— / [x; () — xo(0)]” dt, (8.35)
Ny Jo
where we have made use of Parseval’s relations. Let
Tb
Ey = / xi(t)xk(t) dt, j=1,0, (8.36)
0
Ejj = E] (8.37)
Using Eqgs. (8.36) and (8.37) in Egs. (8.35) and (8.27), we obtain
2
Umax = FO[EI + Ey —2E], (8.38)
Py i = %erfc( Uf;) . (8.39)
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P
|
| T —¢ If r(Ty) > ry
: 7T, = 1) : _— select x;(f)
y(0) 1 : _t Threshold
| ; device
17(1) r(Ty) N
: | If r(T)) <rp
| xo(T, — 1) I select x(f)
| :
h(t)

Figure 8.5 The matched filter as a parallel combination of two filters.

The transfer function of the matched filter may be rewritten as
H(w) = X|(0) exp (ioT},) — % (w) exp (iowT}). (8.40)

Substituting Eq. (8.40) in Eq. (8.6), the signal sample at t = T}, is

uw(Ty,) = i / Hw)[X] (@) — X ()] do. (8.41)

o0

Taking the inverse Fourier transform of Eq. (8.40), we obtain the impulse response of the matched filter as
h(t) =X (Tb - t) - xO(Tb - t) (842)

This filter can be implemented as a parallel combination of two filters, as shown in Fig. 8.5. The optimum
threshold is given by Eq. (8.22),

[ul(Tb) + MO(Tb)]
rr=\——7F5"

2
= _:[Scl(a)) + Xy(@)]H(w) exp (—ioT),) do. (8.43)
Using Eq. (8.40), Eq. (8.43) becomes
= / :ufcl(w)l2 ~ R@)” + %p(@)¥; (@) - Ty (@)% (@)] do. (8:44)
Since x;(7) is real, we have
(o) =%(-w), j=12 (8.45)

So, the last two terms of Eq. (8.44) become

I= /00 Xo(w)% (—w) dw — /oofco(—a)))”cl(co) dw. (8.46)

53 —0o0

After substituting @ = —@ in the first integral, we find I = 0. So, using Eq. (8.36) and Parseval’s relations,
Eq. (8.44) becomes

rr = %[El - Eyl. (8.47)

Thus, the optimum threshold is half of the energy difference.
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8.2.1 Realization of the Matched Filter

Suppose the input to the matched filter is y(7) (= x(¢) + n()). The decision is based on the signal r(f), which
is given by

r() = [P~ {F(@)H(w)}] = / Y(@h(t — 1) dr. (8.48)

-0
In Eq. (8.48), we have used the fact that the product in the spectral domain becomes convolution in the time

domain. From Eq. (8.42), we have

) = x1(T), — 1) — xo(T), — 1), (8.49)
Wt —7)=x,[T, — (t —7)] = xo[T), — (t — 7). (8.50)

Hence,
r(t) = / Y@ (T + 7 — 1) —x0(T), + T — 1)] dr. (8.51)

The decision is made based on the sample of r(f) at t = T:

r(T,) = / Y(@)[x, () — xo(v)]dT = 1| (T},) — 1o(T}), (8.52)
where
Ty
’f/’(Tb) = / y(r)xj(r)dr, j=0,1. (8.53)
0

In Eq. (8.53), we have made use of the fact that xj(t) is zero when ¢ < 0 and ¢ > T},. Thus, the matched filter
can be realized by the correlation receiver shown in Fig. 8.6. If the energies of the signal u; (f) and u(¢) are
equal,i.e., E| = E;, from Eq. (8.47) we have r; = 0. In this case, the equivalent form of correlation receiver is
shown in Fig. 8.7. If xy(f) = —x,(¢), a simplified form of correlation receiver as shown in Fig. 8.8 may be used.

x,(1)

¢ T, r(Tp)

x(1) . If (Ty) > r
@ o

T Deci§ion
7 _( : > r(T)) device
n(t) @ J‘b<.) dr Otherwise

0 ro(Ty) select x((1)

Xo(1)

Figure 8.6 Realization of the matched filter using correlators.
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xp(0)
L[
X 5 [ (o)dt r(Tp) If r(T}) > ro(T})
—> 0 select x;(7),
T Comparator - >
T, otherwise select
) f ot o Xo(D).

0

xo(1)

Figure 8.7 Realization of the matched filter using a correlator when E, = E,,.

If r(T,) >0
Received signal Ty r(T}) Decisi select x,(?),
s1gnaj f(-)dt b ecision
0 device otherwise
select x (7).

xy(1)

Figure 8.8 A realization of the matched filter when x, (1) = —x,(?).

Example 8.1

Find the matched filter and its output at r = 7, for the following signals.

@ +A O T,
NE: <t<Ty
1) S { 0 otherwise. (&)
(b)
_(t—TB/z)2
() = +A exp [ 7 0<t<Ty (8.55)
0 otherwise.

Assume T, << Tp.

Solution:
(a) To transmit ‘1’ (‘0”), A (—A) is sent over the interval 0 < ¢ < Tp. Suppose ‘1’ is transmitted. The Fourier
transform of x(z) is

2A sin (0T}, /2)
- e

TB .
% (@) =A / exp (—iwr)dt = e (8.56)
0

= —%(). (8.57)
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From Eq. (8.33), the matched filter is

H(w) = [¥](w) — X ()] exp (i Tp)
4A sin (0T, /2
_ MA@/ o (—iaT, /2) (8.58)
Using Eq. (8.6), the signal sample at t = Ty is

2 [ sin® (wTg/2
uTy =238 [T T2,
27 J_o w?

= +2ATp. (8.59)

Note that A%T), is the pulse energy, E,. Since x,(f) = —x,(¢), the matched filter can also be realized using a
correlation receiver as shown in Fig. 8.8:

Ty
r(Tg) =/0 y(0)x, (1) dt, (8.60)
Ty
u(Tg) =/ x()xy (1) dt = £AT,, (8.61)
0
H(Ty) = W(Ty) +nip(T,). (8.62)

If r(Tp) is positive (negative), the threshold device selects bit ‘1° (‘0”). Note that the signal value given by
Eq. (8.61) is half of that given by Eq. (8.59). As far as the BER is concerned, this makes no difference since
the noise sample corresponding to Fig. 8.8 is half of that corresponding to Fig. 8.5.

(b) Since T\, << T}, the signal power outside the bit interval is negligible. So, we approximate Eq. (8.55) as

x(t) = s(t — Tg/2), (8.63)
A £ 8.64)
s(t)y=xAexp| —— |. .
p 2T§ (
From Eq. (2.152), we have
- A w?
S(w) =+—exp |— , (8.65)
a 4ra?
PES (8.66)
Using the time-shifting property, we find
Fw) = 5(w)e'™®Th/?, (8.67)
2
#(@) = —%y(@) = 2 exp |2 +iwT, /2|, (8.68)
a 4ra?
2 T,
i) = ey || = 4 2| (8.69)
a 4ra® 2
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Substituting Egs. (8.67) and (8.69) in Eq. (8.6), we find
2 o o?
u(T,) = iA—2/ e 2 dw
na? J_o
= +2424/xT,, (8.70)

where A2 \/;TO is the pulse energy E;.

8.2.2  Error Probability with an Arbitrary Receiver Filter

From Egs. (8.27) and (8.28), we have
P, = %erfe <\/§> , (8.71)

_ [’/ll(Tb) - Mo(Tb)]2
= > ,

(8.72)
c
where u;(T},) and o are given by Egs. (8.6) and (8.7), respectively. Eqgs. (8.71) and (8.72) are valid for arbitrary

filter shapes. From Eq. (7.8), we have
I, -1
0= g 0 (8.73)
(o5} + (o1}

Since the mean of bit ‘1° (‘0”) is u; (T},)(uy(T})), Eq. (8.72) becomes
I -1\’
oo ( i 0> _ (8.74)

o

When o, = 06 = o, from Eqs. (8.74) and (8.73), we find
v =407, (8.75)

1
P, = Eerfc (%) . (8.76)

8.3 Homodyne Receivers

Consider a fiber-optic transmission system with a homodyne balanced receiver, as shown in Fig. 8.9. Its
mathematical representation is shown in Fig. 8.10. Let the transmitted optical field distribution be

qs = s(1) exp (—iw.1), (8.77)

where s(¢) is the complex field envelope, w, is the angular frequency of the optical carrier. We make the
following assumptions to find the best achievable performance.

(1) Fiber dispersion, PMD, and nonlinearity are absent so that the fiber channel can be modeled as an AWGN
channel. In fact, fiber dispersion and PMD cause distortion, and nonlinearity causes both distortion and noise
enhancement, which will be discussed in Chapters 10 and 11.

(2) The frequency, phase, and polarization of the local oscillator are exactly aligned with the received signal.
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F F
‘ Gout = u(t)e™'!
in = s u()
BPF > Hoquyne >
receiver

Figure 8.9 A fiber-optic transmission system with a homodyne receiver. F = fiber, A = amplifier, BPF = band-pass
filter.

AWGN
Channel

s(t)e=id [s() +n. (Ol o 2RA; oRe[s(t) + n ()]
T X R« > X

4t "t

—iw.t =
nl,(t)e ALOe it ny

1

(=T,

LPF r(t) =u(t) + ng
H (@) 0 P Threshold » Decision

r(T,) device

Figure 8.10 Mathematical representation of fiber-optic link with homodyne coherent receiver. LO = local oscillator,
LPF = low-pass filter.

The fiber-optic channel noise can be written as
q, = n.(t)exp (—iw,t), (8.78)
where n,(¢) is the complex field envelope of the noise field with its PSD given by Eq. (6.17),
Pase = Nyhf(G— 1), (8.79)

Wheref is the mean frequency. The output of the fiber-optic link is the sum of the signal field and the noise
field,

Gou = [s(t) + n (D] exp (—iw,1). (8.80)

When the phase and frequency of the LO are aligned with those of the received signal, the current output of
the balanced homodyne receiver may be written as (see Eq. (5.112))

1,(t) = 2RA, oRe[s(t) + n,(1)] = 2RA, o[s(t) + n,,(£)]. (8.81)

Here, the subscript r denotes the real part and s(¢) is assumed to be real. Let n,(f) be the noise introduced at
the detection stage. We assume that the LO power is sufficiently large so that the shot noise dominates the
thermal noise. Ignoring the thermal noise, the PSD of n,(7) is given by Eq. (7.50),

Pry = Pshorett = 9RAL . (8.82)

The total current is
Lo = 1,(0) + ny(1) = 2RA; o [5(7) + n(1)], (8.83)
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where
n(e) = nyy () + —2 (8.84)
cr ZRALO N
is a white noise process with Gaussian distribution. Its PSD is
Nhorno P
pr=—5— = P A% sl (8.85)
4A[ R
PASE q
=4+ —. 8.86
2 * 4R (8.86)

The factor 1/2 is introduced in the first term of Eq. (8.85) since the PSD of the real part of n,.(¢) is half of that
of n.(t). The scaling factor 2RA; , appearing in Eq. (8.83) multiplies both signal and noise and, hence, it is of
no consequence in evaluating the performance. Dropping this term, we write the normalized signal used for
decision as

1; = s(t) + n(1). (8.87)

8.3.1 PSK: Homodyne Detection

The optical field envelope may be written as

_ s;(t) forbit ‘1’
0= {So(t) =1 —s,(t) for bit ‘0’. (8.88)

We assume that s(t) is real and the filter shown in Fig. 8.6 is matched to s(z). Replacing x(¢) by s() in Eq. (8.36),
we obtain

T
E = / st(t)dt = Ey, (8.89)
0
Ty
Ejy=— / st(t)dt = —Ey, (8.90)
0
2 _ 8E,
Umax = W(El +Ey—2E)) = o (8.91)
0 0
Since the bits ‘1° and ‘0’ are equally probable, the average energy transmitted is
w=—75—=E (8.92)

The average energy forms a basis for comparison of various modulation formats and Eq. (8.91) can be written
as

8Eav
Umax = W (893)
0
The matched filter is given by (Eq. (8.40))
H(w) = [5](w) — 53 (®)] exp (—ioT,) = 25) (@) exp (—iwT)), (8.94)
and the threshold r; is (Eq. (8.47))
E, - E,
) (8.95)
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Using Eq. (8.93) in Eq. (8.39), we obtain

Pb — %el‘fC(\/J/homO), (8.96)
E
homo av
phomo = (8.97)
Noomo

The parameter y"°™° represents the normalized energy per bit, which serves as a figure of merit in digital
communication.
When y"°™° is much larger than unity, Eq. (8.96) can be approximated as

__.,homo
p, = SR (8.98)
24 /ﬂyhomo
8.3.1.1 Relation between Q-factor and BER
The BER and Q-factor are related as follows. From Eq. (7.8), we have
I, — 1
=1 0 (8.99)
(o5} + (o1}
For a PSK signal, /| = —1; and o, = 0. So,
1
=1 (8.100)
0y

Suppose that the correlator shown in Fig. 8.8 is used as the matched filter. The mean of bit ‘1’ after the
correlator is (after setting the scaling factor 2RA;  to unity in Eq. (8.83))

Ty
I, = / s1(t) dt
0

=E,. (8.101)
In this case, we have

) =s(T, — 1), (8.102)
H(w) = s|(w) exp (=i T}). (8.103)

The variance of bit ‘1’ (or bit ‘0”) after the correlator is (see Eq. (8.7))

Nhomo 1 o0 homo T, homo
2 0 2 0 2 0

o) = 5 . |H(w)|*dw = 5 /0 sy(nde = 5 E,,. (8.104)

Here, we have used Parseval’s relations. Substituting Eqgs. (8.101) and (8.104) in Eq. (8.100), we find

[0} 2Eq (8.105)
= h . .
NOOIIIO
From Egs. (8.97) and (8.96), we have ,
yhome — % (8.106)

Pb:lerfc g . (8.107)
2\ 2

Eq. (8.107) holds true even when the matched filter is not used (see Section 8.2.2).
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8.3.2 On-Off Keying

In this case, the optical field envelope may be written as

Therefore,

The average energy is

s(y=s,(t)  forbit ‘I’
=0 for bit ‘0’

Eav = El/2

Using Eqgs. (8.111) and (8.110), Egs. (8.38) and (8.39) can be written as

and

Upax. = 4Eav/N(})10m0 — 4},hom0

homo
Pb=%erfc( ! 5 >

_ exp (=y"m/2)

Zﬂ-yhomo

when "m0 > 1.

(8.108)
(8.109)

(8.110)

(8.111)

(8.112)

(8.113)

(8.114)

Fig. 8.11 shows the error probability as a function of the parameter y"°™°. Comparing Eqs. (8.113) and (8.96),
we see that to achieve a fixed BER, the average energy should be doubled for the systems based on OOK
compared with the systems based on PSK when the noise power of the channel is fixed. Alternatively, when
the average energy of the transmitted signal is fixed, the system based on PSK can tolerate twice the noise
power compared with the systems based on OOK to achieve the same BER.

10°

10—10

10—15

},homo (dB)

homo

Figure 8.11 Plot of error probability vs. 10log |,y
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8.4 Heterodyne Receivers
The photocurrent in a heterodyne receiver is given by Eq. (5.94),
1(t) = 2RA; gRe{[s(?) + n.(t)] exp [—i(wpt + AP)]}. (8.115)
Ignoring the thermal noise, the PSD of the noise current n,(¢) introduced at the detection stage is
Pug = Psboret = GRA - (8.116)

The total current is
Lo (1) = 2RA; o [s(1) + n ()] cos (ot + Ag)

+2RA; o1 (1) sin (@t + Ad) + ny(1), (8.117)

where
ny(t) = Re[n (0], n. (1) =Im[n ()], (8.118)

and s(7) is real. See Fig. 8.12. The total current may be rewritten as a summation of signal current and noise
current:

Lo (1) = L) + npe, (1), (8.119)
where
I,() = 2RA; o5(t) cos (ot + Ad), (8.120)
. ny(t)
et (1) = 2RA1  { 1y cos (gt + Ad) + nyp sin (ot + Ag) + : (8.121)

Note that 2RA| (, appears as a scaling factor both in the signal and noise components. As before, we drop this
scaling factor from now on. The PSD of () is (see Example 8.5)

h
NLel _ ,OAﬁ Pshot eff (8.122)
> .
2 4 AR
PASE q

=—— 4 —. 8.123
4 4R ( )

AWGN

channel

[s(2) + n (D)™™ 2RA; oRe{[s(1) + n (f)]e~ @t + A0))

s(t)e—im,t Coh
™ F——»( X oRerent L
X

t Lo !

=h

— I ([ N
I’lc(t)é " ALOe*l(ﬂ)Lof +¢ro) ncl(t)
=h Synchronous or
Decision Y S ‘
device ¢ T © 9 non-synchronous <
Ty " detection

Figure 8.12 A fiber-optic link with heterodyne receiver.
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For signals such as OOK, the information is contained only in the amplitude and if a detection scheme ignores
the phase of the received signal, it does not lead to the loss of information. Such a scheme is known as asyn-
chronous detection. For example, if the received signal passes through an envelope detector, the phase infor-
mation is lost and the transmitted information is retrieved asynchronously without having to track the phase
of the received signal. In non-optical communication, asynchronous receivers are known as non-coherent
receivers [1, 2]. In contrast, a detector can detect the phase of the transmitted signal by carefully aligning the
phase of the microwave oscillator (or equivalently synchronizing the timings of the oscillator output) with the
received signal and such a scheme is known as synchronous detection. For PSK signals, a synchronous detec-
tor has to be used. For homodyne receivers, asynchronous detection schemes can be realized by introducing
an envelope detector in the DSP unit. The performance of modulation schemes with homodyne asynchronous
detection is similar to the corresponding heterodyne receivers.

8.4.1 PSK: Synchronous Detection

The received signal in the absence of noise can be written as

1 for ‘1’
= h® for (8.124)
Iy(t) for ‘O’
where
Ij(t) = sj(t) cos (ot + Ag), j=0,1, (8.125)

with s,(f) = —s,(¢). We assume that s() is real. The filter matched to I(¢) is (see Eq. (8.40))
Hy(w) = I} () — I} ()] exp (iwT})
=[50 — op)e*? + 5 (0 + op)e ] exp (ioT),). (8.126)

This matched filter can be realized as a correlator, as shown in Fig. 8.13. In this case, Eq. (8.52) is modified as

b
n(T,) = /0 Y@ (7) = Iy(7)] dz

b
=2/ ¥(7)s1(7) cos (wpT + Ap) dt. (8.127)
0
Using Eq. (8.35), we have
-2 Tblt L0Pdi = = szt 2oppt + Ayt = 2] 8.128
s = v | IO = OFdr =~ | si0eos’ @t + Apdr = 2. (8.128)
0 0 0

(1) = u(Ty) + np(Tp)

s(t) cos (wipt + A@) + npe(t) T
b ..
> f s Dec1§1on >
) device

T

2s(t)cos(wpt + Agp)

Figure 8.13 Matched filter for a PSK signal in a fiber-optic system with heterodyne receiver.
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s(t)cos(wipt + Ap) t=T,

H, () Dem:slon
device

T r(Ty) = u(Ty) + np(T},)
cos(wpt + Ag)

Figure 8.14 Matched filter for the baseband signal after down-conversion.

Alternatively, the photocurrent can be down-converted to the baseband by demodulating synchronously and
the result is applied to a filter H (), matched to the baseband signal s(¢), as shown in Fig. 8.14. In this case,
we find that (see Example 8.7)

Umax = W (8129)
0
In both cases, we obtain the same v,,,, and, using Eq. (8.129) in Eq. (8.39), we obtain
het
P, = % erfc( %) (8.130)
where E
het _ av
Y= et (8.131)
0
8.4.1.1 ASE Limited Systems
When pasg > por/ (4AiOR2), the second term of Eq. (8.122) can be ignored. In this case,
het _ PASE
NOet == (8.132)
Now, Eq. (8.130) reduces to
E
pret = Lerpe ([ 2o ) (8.133)
2 PASE
Under the same conditions, from Eq. (8.85), we have
NYO™ = p sk (8.134)
and
E
promo — Loy av ) (8.135)
2 PASE

Thus, the performances of the homodyne and heterodyne receivers are the same for a PSK signal when the
ASE is dominant.

8.4.1.2 Shot Noise-Limited Systems

In this case, pgo > paseAL o R* and we ignore the first term of Eq. (8.122) and use Eq. (8.82) to obtain

Nhet _ Pshot,eff _ I’l_]7

= = (8.136)
0 2
2R?AY, 21
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and

E.
phet = %erfc( 1 _“V>. (8.137)

The corresponding expressions for homodyne detection are

lf
h
]\]()Omo ,

WE
promo — Ly (1 /”—_av> . (8.139)
2 h

Comparing Eqgs. (8.137) and (8.139), we find that the homodyne receiver has a 3-dB advantage over the
heterodyne receiver when the shot noise is dominant [3]—[5]. In other words, to reach a fixed error probability,
the received signal power in the case of a heterodyne receiver should be twice that of a homodyne receiver.
This can be explained as follows. In the case of the heterodyne receiver, the signal is modulated by a carrier at
a frequency wy. Since the average energy of the signal s(¢) cos (ot + A¢) is half of that of the transmitted
signal s(7), the heterodyne receivers have a 3-dB disadvantage over the homodyne receivers. However, for
long-haul systems, the noise due to in-line amplifiers is dominant and, hence, the performances of homodyne
and heterodyne receivers are roughly the same.

Sine E,, /hf is the mean number of received signal photons N,, Egs. (8.137) and (8.139) may be rewritten as

(8.138)

Phet = % erfc(y/nN,), (8.140)
phomo _ %erfc(\/ZnNs). (8.141)

For example, whenn = 1 and N, = 9, Pl};om" = %erfc(\/ 18) = 1072, in agreement with Eq. (7.63). When N, =
18, Pt = 1077 [4].

8.4.2 OOK: Synchronous Detection

The received signal in the absence of noise can be written as

=1,(t) for‘l’
1) {= 1) for 0 (8.142)
I(1) = 5;(t) cos (wyet),  j=0,1, (8.143)

with s,(f) = 0. Here A¢ is set to zero for simplicity. Proceeding as in Section 8.4.1, we find

1 J/het
Py=3 erfc ) (8.144)
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Example 8.2

In a 10-Gb/s unrepeatered fiber-optic system based on PSK, rectangular NRZ pulses are transmitted with a
peak power of 5dBm. The fiber loss is 50 dB. The gain and ng, of the pre-amplifier used at the receiver are
30dB and 1.5, respectively. R = 0.9 A/W. Find the error probability if the receiver is (a) a balanced homodyne
or (b) a balanced heterodyne. Ignore thermal noise. Repeat this example if the signal is OOK with the same
peak power.

Solution:
Signal calculation

Launch peak power = P;(dBm) = 5 dBm
Fiber loss(dB) = 50 dB
Preamplifier gain, G(dB) = 30 dB
The peak power of the received signal is
P.(dBm) = Py(dBm) — fiber loss(dB) + G(dB)

=5 dBm - 50 dB + 30 dB

=—15 dBm, (8.145)
P, = 107Bm/10 ;W = 316 x 1075 W. (8.146)
The bit interval is 1
T,=—— =101, 8.147
b7 0% 109 ( )
The energy of bit ‘1’ is
El =PrTb
=3.16x 102 x 107197
=3.16x 1071 J. (8.148)
For PSK, the average energy E,, = E.
Noise calculation
The PSD of ASE is given by Eq. (6.17),
pase = ng,hf(G = 1), (8.149)
ng, = 1.5, (8.150)
h=6.626x 1073 Js, (8.151)
- ¢ 3x 108
=—=—"" "  —193.54 THz, 8.152
F= 7= 550x 109 g (8.152)
G = 109UB/10 = 1000, (8.153)
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Pasg = 1.5 X 6.626 X 107* x 193.54 x (1000 — 1)
=1.921 x 107! W/Hz. (8.154)
The PSD of effective shot noise is given by Eq. (7.50),
Pshoteft = 4IL0
=gRA] . (8.155)
From Eq. (8.85), we have
Pshot,eff
Nhomo =p + )
0 ASE T 555
2R2ALO
S (8.156)
2R
Electron charge ¢ = 1.602 X 1071 ¢,
R=09 A/W, (8.157)
_ 1.602 x 10~19
NPomo = 1921 x 10710 4+ —=2— W/H
0 T 2x09 g
=1.922 x 107'® W/Hz, (8.158)
From Eq. (8.122), we have
Nhet _ PASE pshot,eff
0 2 T opep?
LO
=9.617 x 107" W/Hz, (8.159)
Error Probability
(a) For a balanced homodyne receiver with PSK signal, the error probability is given by Eq. (8.96),
psk _ 1 Ey 1 3.16 x 1015
Pb = —erfc —— | = —erfc St SR
2 N(l)lomo 2 1.922 x 1016
=4.86x107°. (8.160)
If the signal is OOK, from Eq. (8.113) we have
E
PYOK = L vt r (8.161)
2 2N(})10m0
E, -15
i, = 5 = 1.58 x 107 J, (8.162)
1 1.58 x 10-15
POOK = —erfe \/ —_—
Z 2 2x1.922 x 10-16
=2.06x 1073, (8.163)
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(b) For a balanced heterodyne receiver with PSK signal, the error probability is given by Eq. (8.130),

1 E
PSK __ av
Pb = Eerfc ( 2Nge‘>

1 \/ 3.16 x 10-15
= —erfc —_———
2 2%9.617 x 10-17

=4.901x107°. (8.164)

If the signal is OOK, from Eq. (8.144) we have

18,
JE = Lerte -~
2 4Nb!

=2.07x1073. (8.165)

8.4.3 FSK: Synchronous Detection

To transmit bit ‘1’ (‘0”), the frequency of the optical carrier is shifted by Aw/2 (—A®2). The complex field
envelopes corresponding to bits ‘1’ and ‘0’ are

5,(H) = Aexp < _’A“”) ,
so() = Aexp <ZA2“”) , (8.166)
for a duration of T,. The photocurrents are
I=I,(t) forbit‘l’ (8.167)
=1y(t) forbit ‘O’ (8.168)
where
. Aw
1,(t) = Rels, (1) exp (—icop)] = A cos [(wm + 7) t] ,
Aw
Io(t) = A cos [(wm - 7) z]. (8.169)

Here, we have ignored the constant factor 2RA;  and A¢ is set to zero. The filter matched to /() can be
realized as a correlator, as shown in Fig. 8.15. Replacing x,(¢) and x,(#) of Eq. (8.36) by I,(¢) and I,(?),
respectively, we obtain

Ty
Ej,= / 1, (O1y(t) dt
0

AZ Ty
= 5 [cos (Awr) + cos (wpt)] dt
0

AT,
== b [sinc(AwT},/7) + sinc(wpTy,/7)], (8.170)
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I(t) T,
0

? * If #(T))>0

Aw r(7y) Decision select “1”
Acos (coIF + T)t @—> device —>O herwise
— select ‘0’

| oo

Acos (mIF _ %Jt

Figure 8.15 Matched filter for FSK signal in a fiber-optic system with heterodyne receiver.

where in (7x)
sinc(x) = 2% (8.171)

X

The superscript e is introduced to indicate that E represents the energy of a bit in the electrical domain. When
g > 1/T), the second term on the right-hand side of Eq. (8.170) can be ignored. Similarly,

T Aw
Ej = EY :AZ/0 cos? [(a)IF + T) t] dt

A2 [T Aw
=7 ; {1+cos[2<a)IF+7>t]}dt

_ AT,
T2

The contribution from the second term on the right-hand side of Eq. (8.172) is negligible since ws > 1/T),.
Here, E¢ denotes the normalized energy of the bit j’, j = 0, 1 in the electrical domain. The corresponding
energy 1n the optical domain is

(8.172)

T
EM = / sy ()|*dt = A’T,, = E,,. (8.173)
0
Substituting Egs. (8.172) and (8.170) in Eq. (8.38), we obtain
2E,, )
Umax = W[l - SlnC(Awa/”)]’ (8.174)
0
P, = %erfc( %) . (8.175)

The above equation is valid for arbitrary frequency difference Aw. To find the minimum achievable BER,
we need to minimize P, with respect to Aw or equivalently maximize v,,, . In other words, the sinc function
should be minimum. From Fig. 8.16, we see that the minimum value is —0.217 at AwT), = 1.43z. Choosing
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Sinc(AwT), /)

—» AwT,/n

Figure 8.16 Sinc function.

this value of Aw in Eq. (8.174), we obtain

1.217yhe
széerfc<\/—4y > (8.176)

Comparing Eqgs. (8.144) and (8.176), we find that a system based on OOK requires an average energy 1.217
times that of a system based on FSK to achieve the given BER.

8.4.3.1 Orthogonal FSK

The signals I, (¢) and [(¢) are said to be orthogonal if

T;
ES, = /0 bll(t)IO(t) dt = 0. (8.177)

From Eq. (8.170), we find that Efo is zero if

AwT, =nzx, n=12,3, .. (8.178)
or
Af = 2= (8.179)
2Tb ’ ’

As Af increases, the signal bandwidth increases too. The minimum frequency separation occurs when n = 1:

1
Afin = —- 1
foin = 57 (8.180)
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The FSK scheme using the frequency separation given by Eq. (8.180) is called minimum shift keying (MSK).
Since E{, is zero for orthogonal FSK,

2 2E,,

Umax = (E] +Ep) = - (8.181)
NOet NOet
and
Lor r 8.182
P, == — . :
b 2er C n ( )

Comparing Eqs. (8.182) and (8.144), we see that the expression for P, for systems based on OOK is the same
as that for systems based on orthogonal FSK when synchronous detection is used in both systems.

8.4.4 OOK: Asynchronous Receiver

In Section 8.4.2, we discussed the error probability for the OOK signal with the receiver filter matched to ()
exactly. Here, we consider the case in which the receiver filter is matched to /(7) except for the phase. The
transmitted optical field envelope can be written as

for bit ‘1’
s(n) = 4 S0 forbit (8.183)
0 for bit ‘0’

Without loss of generality, we assume that s(7) is real. The received signal passes through a filter matched to
51(t) cos (wppt). From Eq. (8.120), the photocurrent is

I (1) = 5,(1) cos (wpt + Ag),

[51(0 — ) exp (—ihd) + 5, (@ + wpp) exp (IAP)]
7 .

As before, we have ignored the scaling factor 2RA; ;. The matched filter need not match the phase A¢ of 7, (7).

One possible way of realizing this type of matched filter is to use the envelope detector which detects only

the envelope and ignores the phase, i.e., it is matched to s, (¢) cos (wy?). The transfer function of the matched
filter is

71(0’):

(8.184)

H (@) = {F[s,(t) cos (wp0)]}" exp (iwT})
_ [57 (@ — o) + ET((; + wR)] exp (ia)Tb). (8.185)

The impulse response of the matched filter can be found from Eq. (8.42) by replacing x, (¢) with s, (¢) cos (wgt)
and x,(¢) with zero:

hy(t) = 5,(T}, — 1) cos [w(T, — D). (8.186)

The matched filter can be realized as a correlator (see Fig. 8.6), and the signal component of its output is
(Eq. (8.48))

T
() = / ’ s(t) cos (ot + AP)s, (T, + 7 — £) cos [wp(Ty, + 7 — 1)]dr (8.187)
0
1 [T
= / s(0)s,(T, + 7 — H){cos [wg(t — T) + Adh]
0

+cos (w2t + Ty, — 1) + Adp) }dr. (8.188)
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[s() + nn)]e™! 2RA; (Re{[s(7) + n()]e= @+ 0)
»|  Coherent LoRefls® + nDle } :@
Rx

LO
ALOe—iwLo + L0 nq (1)
Envelope detector
t=T, Fr———————————————————— bl
L I
iqi | | -
Decision ‘ ?<; [ () LPF o2 [*T] Hy(w) |<
device r(Tp) (1) : :
e 4

Figure 8.17 A heterodyne receiver with an envelope detector and a matched filter H,(w) for OOK.

In Eq. (8.188), the second term on the right-hand side corresponds to the Fourier transform of s(z7)s; (7 + T}, —
1) at @ = +2wp. Since the spectral width of s(z) is much smaller than wyg, the second term can be ignored.
Therefore,

] _se(
() = N cos [op(t — T,) + Ad, (8.189)
——
envelope
where ’
b
sp(t) = / s(t)s1 (T, + 7 —1t)dr. (8.190)
0

The output of the matched filter passes through an envelope detector which can be imagined as a cascade of
squarer, low-pass filter, and square-rootor, as shown in Fig. 8.17. When we square /(f), we obtain a term
proportional to cos [2e(f — T},) + A¢] which is rejected by the low-pass filter. The signal output of the
envelope detector is the envelope of I(f) (shown in Eq. (8.189)), which is given by

u(®) = sp(1)/2, (8.191)
T)
W(T,) = L (ZTb) = % / " (o5, (2 d, (8.192)
0

u(T,)=E,/2 when ‘1’ is sent
=0 when ‘0’ is sent. (8.193)
Next, consider the noise component before the matched filter given by Eq. (8.121),

ny(t)

n(1) = nyy cos (@t + AP) + n.g sin (wpt + Ad) + RAy"

(8.194)

Here, we have dropped the scaling factor 2RA| (. Since the ASE is expressed as the modulated noise process,
it is convenient to express the detector noise as the modulated noise process as well, i.e.,
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where n;; and n are the in-phase and quadrature components of the detector noise. Substituting Eq. (8.195)
in Eq. (8.194), we find

n(t) = n; cos (wpt + Ag) + ng sin (ot + Adh), (8.196)

where
ny=n. +ny/(2RA; o), (8.197)
ng=n.o+n40/(2RA; o). (8.198)

We assume that n(f) is a narrow-band Gaussian noise process with zero mean and it is band-limited to the fre-
quency interval fip — B < |f| < fir + B. First consider n; cos (ot + A¢). After passing through the matched
filter, it becomes (see Eq. (8.188))

T,
% / ()81 (T, + 7 = {cos [yt — Ty) + Ad] + cos (@27 + Ty — 1) + Ad)} dr. (8.199)
0

As before, the second term on the right-hand side can be ignored. So, it becomes

ngy cos (ot —Tp) + Adl, (8.200)
where
1 [T
0
Similarly, the second term of Eq. (8.196) becomes
npg sin [wp(r = T),) + Ad], (8.202)
where
1 [T
Npo = 3 / no(0)s (T, + 7 — 1) dr. (8.203)
0

Combining Egs. (8.200) and (8.202), the noise output of the matched filter is
np(t) = [ngy cos (@it = Ty) + Ad) + npg sin (@yp(t = T,) + Ag)], (8.204)

where ng, (1) and np((7) are the in-phase and quadrature components of n(t). The PSD of n(7) is Nget /2. From
Eq. (8.7), we have

or=<ni>
Nhet 1 00
= %Z |H,(w)|? do (8.205)
Nhet 00
= % / [15,(0 — op)|? + |5, (@ + of)|? do). (8.206)

In Eq. (8.205) we ignore cross-products such as 57 (@ — wp)s| (@ + wyp). This is because §(w — wyg) and
§|(w + o) represent frequency components centered around wy and —wyg, respectively. If the spectral width
of s,(?) is smaller than @y, these frequency components do not overlap. Noting that the contributions from
the first and second terms on the right-hand side of Eq. (8.206) are the same, we find

Nhet 0 NhetE
2_ "0 % 2, _ 0 1
Op = g /_oo |S1(CD)| do = T (8207)
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The total output of the matched filter is

Ip(t) + np(t) = < + nF,(t)> cos 0 + npo(r) sin 6

- \/ sF(t)+nF,(t)] +12,(1) - cos (0 — ), (8.208)
env::lrope
where
0 = wg(t — T)) + A, (8.209)
Cant { D } 8.210
¢ =tan {sp<t)/2+nn<t> ' (8:210)

After passing through the envelope detector, the output sample at t = T}, is proportional to the envelope:

r(T,) = \/ [sp(Ty)/2 + ny (TP + 2, (T,). (8.211)

When a bit ‘0’ is transmitted, s;(7},) = 0. Therefore,

H(T,) = \/nlzw(Tb) + ngQ(T,,). (8.212)
For a narrow-band noise process, it can be shown that the variances of the in-phase component n;(f) and
the quadrature component n((7) are the same as for the narrow-band noise ng(7) [2]. Therefore, ng(7},) and

ngo(T),) are Gaussian random variables with variance o-% given by Eq. (8.207). The pdf of the envelope when
‘0’ is transmitted is given by the Rayleigh distribution [6],

r r?
p(r|0’ sent) = —2 exp\ —=— |- (8.213)
OF 20

When a bit ‘1’ is transmitted, 7(¢) is an envelope of a cosine wave in the presence of Gaussian noise
(Eq. (8.208)), its amplitude s(T},)/2 = E, /2 (see Eq. (8.193)) and, therefore, the pdf of () is given by the

Rician distribution [6]
r r2 + E% /4 rEl
p(r|‘l” sent) = —exp| ———— | I, (8.214)
612: 2612: 20'

where /;,(x) is the modified zero-order Bessel function of the first kind. The threshold is determined by the
intersection of two curves p(r|‘1’ sent) and p(r| ‘0’ sent) (see Eq. (8.19)):

p(r|*1’ sent) = p(r|‘0’ sent), (8.215)

E?/4 E
exp _E/ L 22 ) =1 (8.216)
20125 20'12F
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This equation is satisfied to a close approximation [1]

802

1 F
rp=— +
™4 E2/4

het
:ﬂ 1+8N0f’
4 E

(8.217)

(8.218)

where we have used Eq. (8.207) for a%. When a bit ‘0’ is transmitted, if » > rp, ‘0’ is mistaken as ‘1’ and this

probability is

) s )
P(llO) =/ p(rl‘O’ sent)dr = i'/ rexp _}"_ dr
rr 0-12: rr 262

F

rz het

T 14 4

= ——L ) xexp |- 1+— 1,
P ( 20'12, =P [ 4 < Vhet>]

where we have used Eq. (8.218) for r; and

For OOK, E,, = E, /2, so

When y"t > 1,

7/het
P(1]0) = exp <— 7 > .

Similarly, the probability of mistaking ‘1° as ‘0’ is

rr 1 rr 2+ E%/4 rE,
PO|D) =/ p(r|1’ sent)dr = —2/ rexp| ————— Iy — dr.
0 op Jo 20 20},

F
Let
r
xX=—,
Of
E
a= 1 = ‘/2},het.
20F

Now, Eq. (8.224) becomes

rr/op 2 2
P(Oll):/ X exp (_a ;—x )Io(ax)dx
0
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1() = 2RA; oRe{[s() + n ()] @+ 20} 4,

Heterodyne Rx
front end

t=T,
< o i;<o Envelope | H
(T, detector | n(w) <
If r (T}) > ro(Tp) 1Ty
-¢——— Comparator
‘1> t=T,
select ‘1
‘ ;< Envelope - Hy(w) |
ro(Ty) detector

Figure 8.18 A heterodyne receiver with envelope detectors and matched filters for FSK.

where Q,(a, r; /o) is the generalized Marcum Q-function defined as [6]

Q,(a,b)= /ooxexp <_a2 +x2> Iy(ax) dx
b

2
2 2\ = k
— exp <_a erb )Z<g) IL(ab), b>a>0. (8.228)
k=0

Substituting Egs. (8.226) and (8.217) in Eq (8.227), we obtain

het
PO =|1-0, 1/_2yhet"/y2 <1+y;‘et> : (8.229)

Combining Egs. (8.224) and (8.229), we find

P, = 3IP(110) + PO )]
1 yhet 4
Zz{exp[‘ (1)

8.4.5 FSK: Asynchronous Detection

+1-0, (x/zyhet, r (1+ 4/yhe‘)> } . (8.230)

2

The transmitted signals s, (¢) and s, (f) are the same as those in Section 8.4.3 (Eq. (8.166)). The output of the
heterodyne receiver front end in the absence of noise may be written as

1) = I,(t) whens(?) %s transm?tted 8.231)
Iy(t) when s;(?) is transmitted,
where N
1) = 2RA; A cos [(a}IF + 7) t+ A¢] forO0<t<T, (8.232)
otherwise,
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(8.233)

1o < { 2RALoACos [(a)IF — 24 A(,b] for0 <1< T,
O =
otherwise.

As before, we ignore the scaling factor 2RA . The matched filter Hj;(w) is matched to /,(r),j = 0, 1 except
for the phase factor as in Section 8.4.4 (See Fig. 8.18). Suppose s, (?) is transmitted so that /(1) = I,(?). Hj(w)
can be realized as correlators and their outputs in the absence of noise can be written as

T,
I 5(t) = A2 / "1, (2) cos [(a)IF + ﬂ) (t+T, - t)] dr, (8.234)
0 2

T,
Iop(1) = A? / "1, (2) cos [(a)IF - ﬂ) (t+T, - t)] dz. (8.235)
0 2

Eq. (8.234) is similar to Eq. (8.188). Ignoring the frequency component centered around 2w and simplifying
Eq. (8.234), we obtain

E,
Ip(t) = 5 (8.236)
where E| = AzTh. Similarly, from Eq. (8.235), we obtain
2 Ty
Lop(t) = A? / cos [Aa)r + <a)lF - AT“’) (t—T,)+ Aqs] dr
0
2 Ty
= > [cos (AwT) cos O(¢) — sin (Awr) sin O(¢)] dt
0
2 | sin (AwT, cos (AwT,) — 1
= % [H] cos 6(7) l(A—“’h)] sin 6(f), (8.237)
where
Aw
0(t) = (a)IF - 7) (t—T,) + Ag. (8.238)
If
2nAfT, =2nm, n=1.2, ...,
n
Af=2 8.239
f T, ( )

from Eq. (8.237) we find that /,-(f) = 0. The signals are orthogonal for asynchronous detection if the output
of the filter Hyj(w) is zero when sy, k # j is transmitted. Comparing Eqs. (8.178) and (8.239), we find that
the minimum frequency difference to achieve orthogonality for asynchronous detection is twice that for syn-
chronous detection. In this section, we assume that Af = 1/7), so that the output of the filter H,y(®) is zero
(ignoring noise) when s, () is transmitted. In this case, the outputs of the envelope detectors can be written as

E,
r(T,) = [7 + 1y (Ty)

ro(Ty) = \/ Moy (To) + 1o (T), (8.241)

2
12 (T3, (8.240)
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where n;g; and n;p, are the in-phase and quadrature components of the noise output of the matched filter,
Hj(w), respectively. The variance of n;z; and n;r¢,j = 1,0 is given by Eq. (8.207)

NYE,

0F =0y =g = —7—> J=0,1. (8.242)

The pdf of the envelope ry(7},) when s, (¢) is transmitted is given by the Rayleigh distribution

T r
Pro(rol 1 sent) = = exp | ——% ). (8.243)
o 20F

The pdf of the envelope r,(T},) is given by the Rician distribution

7| 4+ E%/4 rE,
par 'l sent) = —exp| ——— | [, . (8.244)

) 2 2
or 26F 26F

If ri(T},) > ro(T},), it will be decided that ‘1’ is transmitted. Therefore, an error is made if r|(7},) < ro(T})
when s, (¢) is transmitted. So, the probability of mistaking ‘1’ as ‘0’ is

P(O|1" sent) = P(r\(T,) < ro(T,)|1" sent). (8.245)

The probability that r(7},) < r(T},) can be found as follows. Since r,(T},) and r(7},) are independent random
variables, the joint pdf of r|(7},) and ry(7T},) can be written as

Pryry(ris 1ol 17 sent) = p, (ro| 1" sent)p, (ry|°1” sent). (8.246)

The chance that r((7},) < ry(T},) is the same as that r{(7},) has a value r| in the range 0 < r; < oo and ry(T})
has a value greater than ry,

P(r((T},) < ro(T,)|*1” sent) = / { / Pryry (risro |1 sent)drl} dry. (8.247)
18] 0

Using Eqgs. (8.243), (8.244), and (8.246), Eq. (8.247) can be simplified as

P(0]‘1” sent) =/ Py (ry) {/ Pro(”o)dro}drl
0 r
) r%
=/0 Py (ry)exp _Q dry
0 2+ E?/8 E
— Lz / r| eXp _% IO rl_zl drll (8248)
o Jo o 20

Y =2 (8.249)

E =E /V2. (8.250)

Let
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Eq. (8.248) becomes

1 E? % re+E2/4 rE!

P(O|‘1’ sent) = — exp | — / riexp| — Iy dr’
2672 160'% 0 20% 20'12F

= lexp - E% /wp (ry|1” sent)dr

2 160‘% 0 r 1 1

J/

het
— %exp <_74 ) , (8.251)

13

Owing to the symmetry of the problem, P(1]|‘0’ sent) is the same as P(0|‘1’ sent). Therefore,

1 7/he:t
P, =P0|‘1” sent) = 3 exp - ) (8.252)

8.4.6  Comparison of Modulation Schemes with Heterodyne Receiver

Fig. 8.19 shows the error probability as a function of y"! for various modulation schemes with the heterodyne
receiver. First consider the synchronous detection. OOK requires 3 dB more y" (equivalently 3 dB more
power or 3 dB less noise) than PSK to reach the same BER. FSK outperforms OOK by roughly 0.85 dB. Next
consider the asynchronous detection. OOK performs slightly better than FSK. However, from the practical

100 T T T T T

o2l OOK ASYNC

FSK ASYNC

1074 OOK SYNC 1

Py

106 F FSK SYNC < \ .

PSK SYNC

10 -5 0 5 10 15 20
yhe[ (dB)

Figure 8.19 Error probability in heterodyne receiver as a function of y'. SYNC= synchronous detection.
ASYNC =asynchronous detection.
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stand point, FSK is preferred over OOK since the optimum threshold of FSK is fixed, whereas the optimum
threshold of OOK depends on y"! (see Eq. (8.217)). The performance with synchronous detection is always
better than that with asynchronous detection, but synchronous detection is more sensitive to laser phase noise.

8.5 Direct Detection

In a direct detection system, the photocurrent is directly proportional to the optical signal power. Hence, the
phase information of the optical field is lost. In other words, it is not possible to encode information on the
phase of the optical carrier (PSK) although it is possible to encode information as the phase change of a current
bit relative to the previous bit (DPSK). In this section, we analyze the performances of OOK, FSK, and DPSK.

85.1 OOK

Let s(¢) and n.(f) be the complex field envelope of the transmitted signal and channel noise, respectively (See
Fig. 8.20). At the receiver, the signal passes through an optical filter with transfer function H(w) that matches
the transmitted signal. As in the case of asynchronous detection for OOK, the matched filter need not be phase
synchronized with the received optical signal, but it can differ by an arbitrary phase factor ¢. Using Eq. (8.40)
and taking x,(f) = 0, we have

H(w) = X (w) exp (iowT), + i)

=5](0 — ®,) exp (iwT), + ih). (8.253)
Here, we have replaced x(f) of Section 8.2 by s(f)e~, Let the optical filter output be
(1) = [sp(1) + np()]e™" !, (8.254)
with ©
sp(t)e el = % /_ } F(w)H(w) exp (—iwt) do, (8.255)
np(t)e™ @ = i / : i (w)H(w) exp (—iot) do, (8.256)

where s;(7},) and n;(T}) are the base-band signal and noise field envelopes, respectively. When a bit ‘1’ is
sent, X(w) = §;(w — w,) and when a bit ‘0’ is sent, X(w) = 0. Using Eq. (8.253) in Eq. (8.255), we obtain

exp (io, T, + i) [
SF(Tb)=2—nb/ s (@ — @,)|? dew

=exp [i(w, T, + $)IE; when ‘1’ is sent

=0 when ‘0’ is sent. (8.257)

x(t) = ) )
semiod [s(t) + n(H)]e” ! [sp(t) + np(t)]e™ t=T,

Tx 4’@ PD L »<,_,| Threshold _JfI(Tb)>IT

+ I(f) KTy) device select ‘17
1

n C(t)e_i”’<’

H(w)

\4
\ 4

Figure 8.20 Direct detection receiver for OOK.

www.EngineeringEBooksPdf.com



Performance Analysis 369

The output of the matched filter passes through the photodetector and the signal component of the photocur-
rent is

1(6) = Rsp(T})I?
=RE% when ‘1’ is sent
=0 otherwise. (8.258)
The total current at the decision instant 7}, is
I(T,)) = R|sp(Ty) + np(T)|?
= R[(sp(Ty) + np (Ty)* + (spo(Ty) + npp(Ty)*1, (8.259)

where y; = Re[y] and y, = Im[y], y = s, np. Without loss of generality, we can assume s(7},) to be real so

that sp,(T,) = 0 and s/(T),) = E|. \/I_QnF,(Tb) and \/ﬁnFQ(Tb) are independent Gaussian random variables
with zero mean and variance,

2 _ 2 > __R 2
o —R<nFI>—R<nFQ>—2<|nF| >

R [ PASE
= . / PASE|H(60)|2dCU =4
T —00

SER (8.260)

When a bit ‘0 is transmitted, sz (T},) = spo(T,) = 0 and in this case the pdf of / is given by the central
chi-square distribution

‘0 = L _L
PUIO sen) = py(l) = 7 exp< 262). (8.261)

When a bit ‘1’ is transmitted, the current in the absence of noise is REf and in this case the pdf is given by
the non-central chi-square distribution

(I]°1” sent) ) ! RE% ! I ]RE% (8.262)
sent) = = —exp| - . .
P P1 262 p 262 0 (72
The threshold current is determined by the interSection of two curves p,(/) and p,(J):
p1U7) = poy) (8.263)
or
RE? \/I7RE?
e — )| ——|=1. 8.264
%P 202 |70 o? ( )
This equation is satisfied to a close approximation [1]
RE? 2
I=—2(1 80”
4 RE}
RE? 4
1 PASE
=—|1+—=). 8.265
(1) 6269
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When a bit ‘0’ is transmitted, if / > I, the bit ‘0’ is mistaken as the bit ‘1" and this probability is

® 1 [ I
P(1|0) =/ poDdl = — [ exp <——) d
Iy 0 20'2 Iy 20'2
Iy > (8.266)
=exp|——]. )
P 202
Using Eqgs. (8.260) and (8.265), we obtain
y DD 2
P(1]0) = exp [_T <1 + o )] (8.267)
where yPP is given by
E
PP = v (8.268)
PASE
For OOK, E,, = E, /2. So
E
yPP = (8.269)
2pasE

When PP > 1, P(1]|0) = exp (—yPP/2).
Similarly, the probability of mistaking bit ‘1’ as bit ‘0’ is

Iy
PO[1) = /0 pi(Ddl

Ir RE? +1 \/IRE;
exp| — I,
0

=— dl. 8.270
2062 202 c? ( )
Changing the variable of integration from 7 to x, where
2= L2 (8.271)
(o2

and letting a*> = RE} /o2, Eq. (8.270) becomes
Vir/o 2, .2
P(0|1):/ xexp <—“ *2”‘ >10(ax)dx
0

i
=1-0, (a, g) (8.272)

where Q,(a, \/I_T /o) is the generalized Marcum’s Q-function given by Eq. (8.228). Using Egs. (8.260),
(8.265), and (8.268), Eq. (8.272) can be rewritten as

POI1) = 1= 0, [2¢/7PP. 4720 <1 + %) (8.273)
14
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Combining Egs. (8.267) and (8.273), we obtain

P, = %[P(l [0) + P(O|1)]

2

_1 PP 2 +/,DD DD 2
=5 exp[——<1+yﬁ>]+l—Ql 2/ yPP 4y 1+ﬁ . (8.274)

Note that Eq. (8.274) is the same as Eq. (8.230) obtained for the case of a heterodyne receiver if we replace
yP by 2yPP In this analysis, we have ignored the receiver noise mechanisms such as shot noise and thermal
noise and assumed that the optical filter is a matched filter. Without these approximations and assumptions,
the analysis is quite cumbersome. When the optical filter is not matched to the transmitted signal, analyti-
cal expressions can be obtained using the approaches in Refs. [7]—[9]. In a simplified approach, chi-square
distributions are approximated by Gaussian distributions and the BER can be estimated by calculating the
Q-factor as in Chapter 7. This Gaussian approximation gives reasonably accurate results for OOK, although
it is found to be inaccurate for DPSK signals with direct detection [7].

85.2 FSK

For FSK with direct detection, the transmitted signals s, (f) and sy(¢) are the same as those in Section 8.4.3.
(Eq. (8.1606)). Since the energies of signals s;(f) and s,(¢) are equal, we use the matched filters shown in
Fig. 8.21 (similar to Fig. 8.7). The matched filters can be realized as a bank of band-pass filters. As before,
the matched filters need not be synchronized with the received signal, but can differ by a phase factor ¢. The
signal field u;(7) and noise field n F, () at the output of the matched filters are given by

ui(1) = % / M@ H (@)e " do, j = 0,1, (8.275)
ng;(1) = i / fi(@)Hj(@)e " dw, j=0,1. (8.276)

uy(t) + np (1)

1=T,
) L[,
o= 1(T,)
s(e™ R If 1,(Ty) > I(T})
Tx Comparator —» select ‘17,
t=T - otherwise,
+ b <«
? ) Hy(w) > Pl)20 a?<; select ‘0.
ne(De™! l I+ 1y(T})

uo(t) + npo(t)

Figure 8.21 Direct detection receiver for FSK.
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The transfer function of the matched filter is

Hi(w) = x} (@) T, j=0,1

=¥ (0~ w,)e il (8.277)
where ¢ is an arbitrary phase factor. The output of the photodetector j at t = T}, is
I(T)) = Rluy(T}) + ng (TP, j=0,1. (8.278)

First let us consider the photodetector outputs in the absence of noise. Suppose a bit ‘1’ is transmitted so that
x(t) = x;(¢). The output of PDI is

1/(T) = R[|uy (T,)|*]. (8.279)
From Egs. (8.275) and (8.277), we have
e [ 2 i
u(T,) = o [x|(@)|“dw = E€e'?, (8.280)
I,(T,) = RE:. (8.281)

For this case, the output of PDO is

1)(T})) = Rluy(T,)?

oo 2
=R'i/ ¥ ()X (w) do| . (8.282)
27 J_
Using Parseval’s relations,
i'/ fcl(a)))?é(a))da):/ x, (1) (1) dt, (8.283)
27T —00 —00
Eq. (8.282) may be rewritten as
T, 2
1y(T}) =R/ x (1) (1) dt
0
T, 2
=R/ s1(t)so(0) dt
0
T, 2
=R/ exp (—i2z Aft) dt
0
_qlee (—izmAfT,) sin (zAfT,) |?
B TAf
Rsin 2(zAfT,
_ Rsin “(zAfT,) (8.284)

w2 Af?

www.EngineeringEBooksPdf.com



Performance Analysis 373

Iy(T},) is zero if

xAfT, =nn, n=1,2, .. (8.285)
or
Af = 2L (8.286)
=7 .

Comparing Eqgs. (8.286) and (8.239), we find that the orthogonality conditions for the asynchronous receiver
and direct detection receiver are the same. In this section, we assume that the orthogonality condition is
satisfied so that the output of PD0O (PD1) is zero when bit ‘1’ (bit ‘0”) is transmitted in the absence of noise.
Since the photo-detector output is not sensitive to the phase factor ¢, we ignore it from now on.

Case (i): bit ‘1’ transmitted. Expanding Eq. (8.278), we obtain
1,(T}) = R (Ty) + 2uy (Ty)ng, (Ty) + ny. (Ty) +np. (Ty)]

=R{[E; +np (T +nj. (Ty)}, (8.287)

I)(T,) = Rln, (T,) +nj (T,)1, (8.288)

where we have used u,(7},) = E;| and subscripts r and i denote the real and imaginary parts, respectively. Let

us first consider 1, (7},). \/E[E 1 +ng, (T)] and \/I_?n F,; are Gaussian random variables with means \/I_?E 1 and
zero, respectively. The variances of these two random variables are equal and given by

& R E
R B A (8.289)
The pdf of 1,(T}) is given by the non-central chi-square distribution
! (RE2+1,)] | VIRE
p) = 292 exp | — 3 Iy g . (8.290)
The pdf of 1,(T},) is given by the central chi-square distribution
1 I
pl(IO) = ﬁ eXp _ﬁ . (8291)

If 1,(T},) > I,(T}), it will be decided that the bit ‘1’ is transmitted. Therefore, an error is made if 1, (7,) < 1,(T},)
when s, (¢) is transmitted:
P(0|°1” sent) = P(I(T},) > I,(T},)|‘1" sent). (8.292)

The chance that /,(7},) < [,(T},) can be found as follows. Since I,(7},) and /(T},) are independent random
variables, the joint pdf of /; and I can be written as

Py 1y) = prDp ). (8.293)

The chance that I,(T},) < I,(T},) is the same as that /,(7},) has a value i; and I,(7}) has a value i, greater than
i;. Since 1,(T},) can take any value in the range (0, c0), we have

P(I,(T,) > I,(T,)|1" sent) = /w {/oop1 (iy.iy) diy } di. (8.294)
i 0
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Using Eqgs. (8.290), (8.291), and (8.293), we obtain

0 i

1 [+§) RE% + il llRE% [+ iO
=—/ exp |- Iy dil/ exp | —— | di
(262)2 J, 202 o? i 202
RE? +2i, Vil RE]
Iy

1 o0
= — ex —
2(52 0 P l 262

di. (8.295)

Let i = 2i; and x = RE? /2. Now, Eq. (8.295) becomes

| 0 )C+i'1 hx )
=12¢ 2 Xp |~ Iy = diy

[
=—e % p(i))di,

0

1 E,

=5 exp 3, ) (8.296)
ASE

For FSK, E| = E, = E,,. Using Eq. (8.268), Eq. (8.296) may be rewritten as

1 )/DD

Case (ii): bit ‘0’ transmitted. Owing to the symmetry of the problem, P(0|1) is same as P(1|0). The error
probability is

1 1 J/DD
Py = SIPOID) + P[0)] = 5 exp { == (8.298)

Note that this error probability is the same as that given by Eq. (8.251) for asynchronous detection if we
replace y" by 2yPP_ If we ignore shot noise, we see that two expressions are identical.

8.5.3 DPSK

In the case of PSK, the information is transmitted as the absolute phase of the complex field envelope s(7).
But in the case of DPSK, the information is transmitted as the phase of the field envelope relative to the
previous bit. To estimate the absolute phase of the transmitted PSK signal, a reference is required at the
receiver. This reference is provided by the local oscillator whose phase should be synchronized with that of
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the optical carrier (or it should be post-corrected using the DSP). In contrast, for systems based on DPSK, the
transmitted signal of the previous bit interval acts as a reference and, therefore, there is no need for the local
oscillator and the phase synchronization. However, one of the drawbacks is that the phase of the previous bit
is noisy and, therefore, this leads to performance degradation for DPSK compared with PSK.

Let s,(#) and s,(¢) be the optical field envelopes of duration < 7T}, with s,(f) = —s,(f). We assume that s(¢) is
real. To send a bit ‘1°, the pulse in the current bit slot is the same as that in the previous bit slot and to send
bit ‘0, the pulse in the current bit slot has a phase of +x radians relative to the previous bit slot. Using s, (¢)
and s,(7), let us construct orthogonal signals over the period 27:

s\ =s1() +5,(t=Tp,) setl
or ~to send bit ‘17; (8.299)
s’1 () = so(t) + 5ot = T),) set1l

J
3

sé(t) =50 + 59t = T;) setl
or > to send bit ‘0’. (8.300)
so(1) = so() + 5, (t = T,) set1l

J

Since s(¢) = —s,(¢), the signals corresponding to set I are negative of the signals corresponding to set IT and
we could use either of these sets. Figs. 8.22 and 8.23 show the signals s;(7) and s;(t), j = 0,1, using Gaussian
pulses. From Fig. 8.23, we see that s(')(t) is antisymmetric with respect to the point 7}, while s’l (#) is symmetric;
therefore, they are orthogonal over a period of 27),:

/ s (s (D)t
0

In the case of direct detection of orthogonal FSK, we have seen that the optical receiver consists of matched
filters, square-law detectors (i.e., photodetectors), and a comparator. The results of direct detection orthogonal
FSK are applicable for DPSK signals as well, since the signals s’l (t) and s(’)(t) are orthogonal. Therefore, the
schematic of the optical receiver is the same as that of the direct detection FSK if we use the signals s’l (r) and

2
- 0. (8.301)

As (0 A 5o

-y
-y

Figure 8.22 Optical complex field envelopes s, (r) and s, (¢).
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S'l(t) Sl(t) Sl([ - Tb) S‘I(I)
A

-y
~Y

s'(D) $51(0) 5'o(0)

.Y

so(t = Tp)
set I set IT

Figure 8.23 Orthogonal signals s’I (t) and s{)(t) constructed using s, (r) and s, (7).

sé)(t), and this is shown in Fig. 8.24. H' (») and Hé(a)) are the filters matched to s} (f) and sg(t), except that
they can have an arbitrary constant phase shift:

H;(w) = sj{*(co —w,)exp (ioT), +i¢), j=0,1. (8.302)
Taking the Fourier transform of Eq. (8.299) (set I) and using the shifting property of the Fourier transform,
H'] () = [s](0 — @,) + 57(0 — ©,) exp (iwT,)] exp (iwT), + i)
=H|(o)[1 + exp (iwT})], (8.303)

where H, () is the filter matched to s, (£)e <" except for the phase factor ¢ (see Eq. (8.277)). Fig. 8.25 shows
the realization of H' ’1 (w) using a delay-and-add filter. The second term of Eq. (8.303) corresponds to the delay
by T},. Similarly,

Hé(a)) =[s](w — ®,) + s5(0 — w,) exp (ioT},)] exp (iwT), + i)
= H,(@)[1 — exp (ioT})]. (8.304)
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=T,
_ H () »| PDI °
Sv(t)e—tm,t |,| Il(Tb)
- If 1,(Tp) > Io(Tp)
Tx Comparator — select ‘1’
=T, > otherwise,
\ PDO select ‘0’
) H y(w) > o
n (t)e_’wf’ 0 |.|2
c 1y(T})
Figure 8.24 Direct detection receiver for DPSK.
— Hy® |— = —»— H > >
\
Delay
T,
Figure 8.25 The filter matched to s’ (¢).
+
— Hyw) —— = —»— Hy(w) > >
y ~
Delay
T,

Figure 8.26  The filter matched to s ().

Fig. 8.26 shows the realization of H g(w) using a delay-and-subtract filter. Therefore, the schematic shown in
Fig. 8.24 can be redrawn with signal s(¢) instead of s'(¢), as shown in Fig. 8.27.
The energy of the signal s’l (¥ is

2T,
E’1=/ s (0) + s, (t = T,)|*dt
0

T, 2Ty, 2T,
=/ |s1(t)|2dt+/ s, (t = T))|%dr + 2/ s,()s,(t = T}) dt. (8.305)
0 T, 0

Since s,(¢) is a pulse that is zero outside the interval [0, 7}], the last term in Eq. (8.305) vanishes and,
therefore, we obtain

E| =2E,, (8.306)

where E, is the energy of the signal s,(f). A similar calculation shows that E6 = 2E,. Since the energies of
the signals s’] (t) and sg(t) are equal and they are orthogonal, the analytical expression derived for the case of
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Channel

+
S(l) @ H|((1)) [1
Pt < o
t 0 e 619 ¢
Y n ) Comparator Select bit ‘17 if ; > I,
) D2 | D Select bit ‘0 if I; < I
\&/ lof?

Figure 8.27 DPSK receiver.

the FSK with direct detection or asynchronous detection is applicable in this case except that the energy E,
appearing in Eq. (8.297) should be replaced by 2E, (= 2E,,), where E,, is the average energy of s(¢):

E

Pb — lexp <__av ) = l exp (_yDD). (8307)
2 PASE 2

Comparing Eqgs. (8.307) and (8.298), we see that the direct detection orthogonal FSK requires 3 dB more

power than DPSK to reach the same BER.

Example 8.3

50% duty cycle rectangular RZ pulses are used in a direct detection long-haul 40-Gb/s DPSK system operating
at 1550 nm. The peak transmitter power is 3 dBm. The fiber-optic link consists of N spans of 80-km standard
SMF with a loss of 0.2 dB/km followed by an optical amplifier with ng, = 1 and gain G being equal to the
fiber loss. Find the maximum transmission distance so that the error probability is <= 10~>. Ignore receiver
noise.

Solution:
For 50% duty RZ pulses, we have
peak power
average power = — (8.308)
average power (dBm) = peak power (dBm) + 10 log ,(1/2)
=3dBm - 3dB
=0dBm, (8.309)
average power = 1010 mW = 1 mW, (8.310)
average energy of a pulse = E,, = average power X bit interval. (8.311)
Bit interval,
1
7, =———s=25 , 8.312
P a0x10° ps e
E,=1mWx25ps=25x107147J. (8.313)
Operating frequency, N 3 % 108
F=—=X1  _193.54THz (8.314)
1550 x 10—°
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fiber loss per span = 0.2 dB/km X 80 km

=16dB. (8.315)
Amplifier gain,
G(dB) = 16 dB, (8.316)
G = 10'/10 = 39.81. (8.317)
PSD per amplifier,

Pask =nhf(G— 1)
=6.626 x 107°* x 193.54 x 10'? x (39.81 — 1)

=7.465x 10718 J. (8.318)
Total PSD due to all amplifiers,
Puse = Noase,1- (8.319)
From Eq. (8.307), we have
E
)
PASE
E, = —ln(ZPb)thtSE, (8.321)
I
In(2P,)p sk, 1
_ 2.5x 10714
In(2 X 1075) x 7.465 x 10-18
=~ 309. (8.322)

Maximum achievable transmission distance so that Pb <= 107>,

Ly =309 x 80 km
=24,720 km. (8.323)

8.5.4 Comparison of Modulation Schemes with Direct Detection

Fig. 8.28 shows the performance of OOK, FSK, and DPSK in a direct detection system. The performance of
OOK and FSK is roughly similar, and DPSK has a 3-dB advantage over FSK. To compare the performance
of DPSK and PSK, let us ignore the shot noise. In this case

N™ = pasp (8.324)

and
J/hOmO - J/DD 7. (8325)
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100 I T T T T

-5 F .
10 FSK

S qo-10F OOK E
10715 r ]
DPSK<——

—20 1 1 1 ! L

10 —-10 -5 0 5 10 15 20

74 (dB)

Figure 8.28 Error probability of various modulation formats in a direct detection system.

From Eq. (8.96), we have

1
PSK __
Pt = Serfe(y/p). (8.326)
When y >> 1,
PPSK exp (o). (8.327)
24/my
From Eq. (8.307), we have .
PYPSK = 3 exp (=7). (8.328)
100 T T T T
DPSK
1075 | 1
<
10—10 L o
PSK «<—
107555 i 0 5 10 15

7" (dB)

Figure 8.29 Comparison of the performances of homodyne PSK and direct detection DPSK.
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Comparing Egs. (8.327) and (8.328), we find that PSK and DPSK have a similar exponential dependence on
y when y is large. Fig. 8.29 shows the performance of PSK with homodyne receiver and DPSK with direct
detection receiver. To reach a BER of 1073, the DPSK requires roughly 1.2 dB more power than the PSK
when the noise power is kept constant. However, to reach a BER of 107, the DPSK requires only 0.5 dB
more power than the PSK.

8.6 Additional Examples

Example 8.4

An optical signal passes through the single-mode fiber with dispersion coefficient f, and length L. The trans-
mitted field envelope is

_(=T5/2)
() = +A exp [ T for 0<t<Ty (8.329)
otherwise.
Find the filter matched to the received signal. Ignore f§; and f;. Assume T << T.
Solution:
Since T, < T},, we approximate that the signal is Gaussian in the range [—oo, o] since 7, << T:
X, (t) = 5;,(t — Tp/2)., (8.330)
2
s5;(t) = +Aexp _2_7"3 (8.331)
From Eq. (2.153), the Fourier transform of the signal s,(¢) after the fiber transmission is
So(w) = gi(a))Hf(a), L)
A w?
=+2¢ -—— ), 8.332
a P ( Anb? > (R
Lol oL 8333
Rz ! 7Py (8.333)
pe= (8.334)
V2n
The received signal is
x,(t) = s,(t —Tg/2), (8.335)
x,(®) = 5, (w)eTe/?, (8.336)
Let the received signal corresponding to bit ‘1’ and bit ‘0’ be x,, ; (t) and x,, ,(¢), respectively:
~ ~ A a)2 ia)Tb
xo’l(a)) = —x070(a)) = ; exXp [_W 4F T (8337)
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Q| © '
~= |
TX o | -h,---. 1 RX
DCF BPF
S |
Matched filter

Figure 8.30 The filter matched to the received signal after the dispersive fiber channel. Tx = transmitter, 7F =
transmission fiber, DCF = dispersion compensation fiber.

The filter matched to the received signal is

H(o) = [X} (@) — X} j(o)] exp (i0T},)

2A [ ? inb]
= — exp + —

a C4n(d 2
24 w? iw?B,L ioT),
= — — - . 8.338
a P [ 47m2]exp [ 2 T ( )
band-szs filter disp;;sion
compensation
fiber

As shown in Fig. 8.30, the matched filter can be realized by cascading a first-order Gaussian filter with a
dispersion compensating fiber or fiber Bragg grating whose accumulated dispersion is equal in magnitude to
that of the transmission fiber, but of opposite sign. The last term in Eq. (8.338) corresponds to a delay of 7}, /2,
which implies that the decision should be made at r = T}, /2 (instead of at r = T).

Example 8.5
Show that the PSD of noise in a balanced heterodyne receiver is

_ PASE pshol,eff

Prpee = — 4 5 - (8.339)
4 ARAL
Solution:
Let
et = Nase(D) +1y(D/2RA o, (8.340)
nAsg = Ny COS (WRt) + Neg sin (oygt). (8.341)

The PSD of n,; (or n.g) is ppsg/2- Let us consider impact of multiplication by cos (@f) (or sin (wygt)). Let

iy (@) = 2@t ) ;’ et = ) (8.343)
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(I @) = 5 i@+ o)) + (i@ = o))

+<ﬁcl(w + wIF)ﬁ:](w - COI]::) + C.C.> }

(8.344)

Typically, an optical filter of bandwidth B,, is introduced before the photodetectors. B, is greater than the signal
bandwidth, but much smaller than wyz/27z. In this case, n(f) and n.o(t) are band-limited to B, /2 and the
spectra due to 7i.;(@ + o) and 7i.;(w — ) do not overlap. Hence, the last two terms on the right-hand side
of Eq. (8.344) are zero. Since the PSD of n, (¢) is proportional to {|7i, (w)|?), from Eq. (8.344) and Fig. 8.31(b),

we find
p
o) === for If —fiel <B,/2
p
- ATSE for |f +fiz| <B,/2
=0 elsewhere.
Let

(1) = neg sin (wpt + Agp).

Proceeding as before, we find

p
P () === for If —fiel < B,/2

- ”A% for |f +fil < B,/2
=0 elsewhere.

Pnyy

PASE2

B ——» f
(@)
Pn,
| (A Py (F=F A \
: : PASE/8
L L -
—fIF fiE T f
— B, l—— | B, l——
(b)

Figure 8.31 ASE PSD: (a) base band; (b) after multiplication by cos(wg?).
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From Eq. (8.341),

Nasg = 1 + 1y, (8.348)
—PASE g0 |f—finl <B,/2
p"ASE - 4 IF [
= PASE for |f + /il < B, /2
=0 otherwise, (8.349)

where we have used the fact that n; and n, are statistically independent random processes. Since the signal
spectrum is centered around fi extending from fip — B,/2 to fiz + B,/2, nygg may be approximated as a
white noise process over the band of interest,

p
Prase = 4 (8.350)
The PSD of n,(1)/2RA; ¢ is
pnd pshot,eff
= . (8.351)
4R?A o 4R?AZ
Combining Egs. (8.350) and (8.351), we find the PSD of ny,..(¢) is
Nhet
0 PASE Pshoteff
=—=—+ . 8.352
P = & Az (8.352)

Example 8.6

To reach an error probability of 10~°, find the mean number of signal photons required in a shot noise-limited
coherent communication system based on OOK for the following cases: (i) balanced homodyne receiver; (ii)
balanced heterodyne receiver. Assume quantum efficiency, n = 1.

Solution:
(1) Let us first consider the case of the homodyne receiver with OOK. From Eq. (8.113), we have

1 Eav
P, = —erfc . (8.353)
2 2Npome

For a shot noise-limited system, the PSD of ASE can be ignored. From Eq. (8.86), we have

Nhomo _ i _ ﬁ

= = 8.354
© 2R 2n ( )
The mean number of signal photons is E
N, = =, (8.355)
hf
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Substituting Egs. (8.354) and (8.355) in Eq. (8.353), we find
P, = %erfc(\/nNS)
=10"°. (8.356)
Whenn =1,
VN, = erfc™' (2 x 107%)
=4.2411 (8.357)
N, = 18. (8.358)
(i1) From Eq. (8.144), we have
1 o
P, = —erfc . (8.359)
2 4Npet
From Eq. (8.123), we find _
hf
het
== 8.360
o= (8.360)
Substituting Eqgs. (8.360) and (8.355) in Eq. (8.359), we obtain
P, = %erfc(\/nNs 72) = 10 (8.361)
VN, = erfc! (2 x 1079)V/2 (8.362)
N, = 36. (8.363)

Example 8.7

Show that the error probability in a fiber-optic system based on PSK that uses a heterodyne receiver with
synchronous demodulator and a filter matched to the transmitted signal s(¢) (see Fig. 8.14) is given by

1 Eav
P, = —erfc < :
h
2 V 2Ny
Solution:

Let the signal output of the synchronous demodulator be
x() = s(f)cos’ (ot + Ag)

= %[1 + cos Qwgt + 2A¢)].
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Since the filter is not matched to x(#), Eq. (8.35) can not be used to find v,,, . Instead, we use Eqs. (8.27) and
(8.28) to calculate P,. The Fourier transform of Eq. (8.365) is

)= 12 4 o= Z“IF)E_M o SO ZZ’IF)‘ZW. (8.366)

The transfer function of the filter matched to s(z) is

H,(0) = [§*(w) — 55(0)] exp (i0T},)
= 25" (w) exp (i@ T},). (8.367)

Substituting Egs. (8.366) and (8.367) into Eq. (8.6), we find

u (Ty) = i / g‘(zw) 25 (@)do, (8.368)

(5]

where we have ignored the overlap between the frequency components at @ + 2@ and @ since the bandwidth
of s(¢) is assumed to be much smaller than ;. From Parseval’s relations, it follows that

u (Ty) = E; = —uy(T}). (8.369)

Next, let us consider the noise propagation. Let the noise before the demodulator be

Npe (1) = npsp(®) + ny(), (8.370)
NASE = N €08 0 +n.psin 6, (8.371)
ng = ng cos 0 + nyp sin 0, (8.372)

0 =yt + Ad, (8.373)

Nper (1) = Ny COS 0 + Thet 0 sin 0, (8.374)
Nyt 1(1) = Ny + ngps (8.375)

et o(1) = N + 1 yp- (8.376)

After the synchronous demodulator, the noise is

n(t) = ny(t) cos 6
= ey s (P)COS 20 + Nper (1) sin O cos 0

Mhet () Npeg p(£) COs 20 + ny o 0 sin 260
=] 2 —+ 2 .

, 8.377
> > ( )

)
+ terms at 2@yg. (8.378)

The components of 7i(w) around 2wy are removed by the low-pass filter, H (w) placed just before the decision.
Hence, we ignore these terms and obtain

(it s (@)]*)

(|i()|*y = 2

(8.379)
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or
p”hetl(w)
(@) = 4 . (8.380)
Since
P (@) = 2, = Nge (8.381)
then het
p, (@) = %. (8.382)
Using Eq. (8.7 ), the variance of noise after the filter is
Nhet 0
o 1
o2 = 4 5n ) |H (0)|* do. (8.383)
Using Eq. (8.367) in Eq. (8.383), we obtain
o? = N)“E,. (8.384)
Using Egs. (8.369) and (8.384) in Egs. (8.28) and (8.27), we find
4E°  4E,
V= o= — (8.385)
N,S“E, N,
I Eyy )
P, = —erfc( . (8.386)
h
2 2N0el
Exercises
8.1 The transmitted signal is
t—=Tg/2
x(t)=Arect| ——— |, (8.387)
B
where
rect(x) =1 if|x] < 1/2
= (0 Otherwise (8.388)

Show that the filter matched to the transmitted signal is an integrator with the limits of integration

from O to T (integrate-and-dump filter).

8.2 Explain the meaning of a matched filter.

8.3 In a25-Gb/s homodyne fiber-optic system operating at 1530 nm, the PSD of the ASE at the receiver
Pask 18 7.78 x 10716 W/Hz. Find the average signal power required at the receiver to reach the BER
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of 1077 if the signal is (a) PSK, (b) OOK. Assume that quantum efficiency # is 0.9 and rectangular
NRZ pulses are used to transmit the data. Ignore thermal noise.

(Ans: (a) —4.55dBm; (b) —1.55dBm.)
8.4 Explain the difference between synchronous and asynchronous detection.

8.5 Show that the BER of DPSK with a heterodyne receiver and asynchronous detection is

1 _yhet
P, = 3 exp > . (8.389)

8.6 Write a computer program to estimate the BER of the following modulation schemes with a hetero-
dyne receiver and asynchronous detection: (a) OOK, (b) FSK, (c) DPSK.

8.7 N, and N, are the mean number of signal photons and noise photons at the receiver of the unrepeatered
fiber-optic system with a preamplifier. The spontaneous noise factor and gain of the preamplifier are
ng, and G, respectively and N,, = n,(G — 1). Show that the error probabilities of FSK and DPSK are

given by
—N,
P3% = exp <2NS> , (8.390)
—N,
PPPSKE = exp < > . (8.391)
Nl’l

respectively. Ignore shot noise and thermal noise.

8.8 Rectangular NRZ pulses are used in a direct detection 25-Gb/s DPSK system operating at 1540 nm.
The average optical power at the receiver is 0 dBm. The fiber-optic link consists of 20 spans of identi-
cal fibers followed by amplifiers which exactly compensate the loss of fibers preceding. Each amplifier

introduces ASE whose PSD is pg;E. It is desirable that the BER <= 2.1 x 1073. Find the upper limit

1
on pfA;E'

(Ans: 3.654 x 1071 W/Hz.)
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9

Channel Multiplexing Techniques

9.1 Introduction

Typically, the single-channel symbol rates range from 10 Gsym/s to 40 Gsym/s. A symbol rate beyond
40 Gsym/s is hard to achieve in practice because of the speed of electronic components in transmitter
and receiver circuits. In the low-loss region of the fiber (1530—1620 nm), it has a bandwidth greater than
10 THz. To utilize the full bandwidth of the fiber, several channels can be multiplexed and they can share
the same fiber channel. An EDFA operating in C-band (1530—1565 nm) has a bandwidth of about 4.3 THz
and, therefore, several channels can be amplified simultaneously by a single amplifier. The multiplexing
techniques can be divided into three types: (i) polarization division multiplexing (PDM) or polariza-
tion multiplexing (PM), (ii) frequency or wavelength-division multiplexing (WDM), (iii) time-division
multiplexing (TDM).

9.2 Polarization-Division Multiplexing

PDM is an effective technique to double the capacity. Commercial coherent systems make use of PDM and
WDM to enhance the capacity. A single-mode fiber supports two polarization modes—one with the electric
field aligned with the x-axis and the other aligned with the y-axis (see Section 2.7.5). Therefore, it is possible
to transmit information using each of these polarization modes. A schematic of the PDM or PM is shown in
Fig. 9.1. At the transmitter, a polarization beam splitter is used to split the x- and y-polarization components
of the laser source. The x- (y-)polarization component of the laser is modulated by the electrical data m, (m,)
using an optical modulator Mod x (Mod y). If the modulators are operating in the linear region, their outputs
are (see Section 4.6.2.2)

W, = xA m(t)e 2! 9.1)
— —i2xf.t
W, = yAm, (e 2! (9.2)

where f. is the laser frequency. The polarization beam combiner (PBC) combines these polarization compo-
nents. The output of the PBC is

W=V +¥ =Ae P m (O)x + my(n)yl. 9.3)

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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electrical data,

OO Y |  Fiber
O "] channel
S s [ i PBC

electrical data,

my,

Figure 9.1 Polarization-division multiplexing. PC = polarization controller, PBS = polariaztion beam splitter, PBC =
polarization beam combiner, Mod = optical modulator.

. IQ Rx1 > Io |
PBS |

Recieved signal
ESP

my,
I y Iy ! >
—_—>]

IQ Rx2 Lo

Figure 9.2 Block diagram of the polarization demultiplexing receiver. ESP = electrical signal processing.

These polarization components propagate as two polarization modes in a single-mode fiber. At the receiver,
two IQ receivers are used to detect the x- and y-polarization components as shown in Fig. 9.2 (see
Section 5.6.5). Let the complex currents corresponding to x- and y-polarization components be

1(0) = 1,(1) + il (1), (9.4)
L,(0) = I,,(1) + il ,(0). 9.5)

Note that the x- and y-axes at the receiver may not be the same as those at the transmitter and, in addition,
there is a coupling between the polarization modes during the fiber propagation due to random fluctuations
in the refractive index. So, in the absence of noise, the complex currents in the frequency domain may be
written as

T (@) = it ()M, () + M, ()i, (), 9.6)
1(0) = i ()M, (@) + M, (@)t () 9.7)

or
=M, 98)

9.9)

=l
Il
‘<.'\'l><’~t
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o [ Bt o0
Myx(w) Myy(a))
~ m (o)
= [~" . 9.11
" [myw)] O
Multiplying Eq. (9.8) by M~ on both sides, we find
m=M'TL 9.12)

The digital signal processing of the coherent receiver can be used to compute M-! (see Chapter 11) and, thus,
the message signal vector m can be retrieved.

9.3 Wavelength-Division Multiplexing

In a WDM system, multiple optical carriers of different wavelengths are modulated by independent elec-
trical data. Since wavelength A and frequency f are related by A = ¢/f, WDM may also be considered as
frequency-division multiplexing (FDM). Fig. 9.3 shows the schematic of a WDM system. A CW laser oper-
ating at A, j = 1,2, ... ,N is modulated by electrical data j. The modulated signals are combined using a
multiplexer and then launched to a fiber-optic link. At the end of the fiber-optic link, the channels are demul-
tiplexed using a demultiplexer. If the data rate of a data stream modulating an optical carrier of wavelength 4,
is B, the total data rate is NB. Fig. 9.4 shows the WDM spectrum. Suppose that each channel is band-limited to
/s Hz. The spectrum of the channel j extends from f; — £, /2 to f; + f; /2, where f; = ¢/ ;. Typically, the optical
carrier frequencies are equally spaced and the frequency difference between adjacent carriers is known as
the channel spacing Af. If the channel spacing Af is smaller than the signal bandwidth f;, the spectra of the
neighboring channels overlap, leading to cross-talk and performance degradation. If the channel spacing Af
is much larger than f;, it is a waste of fiber bandwidth. It is useful to define the spectral efficiency of a WDM
system as

n=2 (9.13)
Af
Data 1
Laser A,
M
______________ | Rx 1
Laser A, A
_— é 2 Rx 2
I =
5
| A
—————————————— I }\4
Data N Fiber-optic link N TRxN
Laser Ay

Figure 9.3 Schematic of a WDM system: Mod = modulator, MUX = multiplexer, DEMUX = demultiplexer.
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, % R f;v+§

Figure 9.4 WDM spectrum.

where B is the data rate of a channel. If there are N channels, the total data rate is NB and the total bandwidth
is about NAf. Therefore, the spectral efficiency is also the ratio of the total data rate to the total bandwidth.
For example, for a direct detection system based on NRZ-OOK, let the bit rate B be 10 Gb/s. If rectangular
pulses are used, the first null of the NRZ spectrum occurs at 10 GHz (see Fig. 4.4) and the signal bandwidth
f; in a channel = 20 GHz. If the channel spacing Af is 20 GHz, the spectral efficiency # is 0.5 b/s/Hz. In this
example, the overlap between the channel spectra is small and, hence, the cross-talk between the channels
is negligible. The channel spacing is determined by the signal bandwidth in a channel. In this example, if
the channel spacing is less than 20 GHz, there would be a significant overlap of spectra of adjacent channels,
leading to cross-talk. However, if a Nyquist pulse is used instead, the signal bandwidth in a channel is 10 GHz
(see Section 4.8) and in this case, the channel spacing can be reduced by a factor of two compared with the
case of NRZ, which leads to an improvement in spectral efficiency by a factor of two. The spectral efficiency
can also be considerably enhanced using coherent detection. For example, for a system based on QAM-16,
let the symbol rate B, be 25 Gsym/s. For QAM-16, the data rate B is B,log,16 = 100 Gb/s (see Section 4.9). If
the channel spacing Af = 50 GHz, the spectral efficiency = 2 b/s/Hz. The spectral efficiency can be increased
using higher-order modulation formats such as QAM-64, but these signals suffer from distortions due to fiber
nonlinear effects (see Chapter 10) limiting the maximum achievable transmission reach. Therefore, there is
a trade-off between spectral efficiency and reach. When polarization multiplexing is used, the data rate is
doubled for the given bandwidth and, therefore, the spectral efficiency is doubled compared with the case of
single polarization.

In 2002, the International Telecommunication Union (ITU) standardized the channel wavelengths (or fre-
quencies) of WDM systems on a 100-GHz (~ 0.8 nm) grid in a wavelength range of 1528.77 nm to 1563.86 nm
as defined by ITU-T G.694.1 [1]. However, for coherent communication systems with a symbol rate of
28 Gsym/s, such a large channel spacing leads to poor spectral efficiency. Recently, ITU standardized the
WDM channels with a frequency spacing ranging from 12.5 GHz to 100 GHz and wider [1].

Example 9.1

Nyquist pulses are used in a single-polarization WDM system based on QAM-64. The symbol rate is
10 Gsym/s and the number of channels is 12. Calculate (a) the channel spacing to have a spectral efficiency
of 6b/s/Hz, (b) the signal bandwidth in a channel and the total bandwidth of the WDM signal, and (c) the
total data rate.
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Solution:
From Eq. (9.13), we have
-5 (9.14)
n A .
For QAM-64, from Section 4.9, we find
B = Blog,64 = 6 X 10 Gb/s. (9.15)
(a) The channel spacing is given by
Af = B_ o0 GHz
n 6
= 10 GHz. (9.16)

(b) For a Nyquist pulse, the one-sided bandwidth f; /2 is B;/2. Therefore, the signal bandwidth in a channel
fi =B, = 10GHz.

Total bandwidth of the WDM system = (N — 1)Af + 2f, /2
=(11x 10+ 10) GHz

= 120 GHz. 9.17)
(©) Total data rate = NB = 12 x 60 Gb/s
=720 Gbls. (9.18)

Example 9.2

A WDM system consists of 11 channels with a channel spacing of 100 GHz. The signal in each channel is
band-limited to 50 GHz. The average power per channel is 0 dBm. The WDM signal is transmitted over a
fiber of length 50 km. Fiber loss = 0.2 dB/km. Find the total power at the fiber output.

Solution:
Let the signal in channel & at the fiber input be

G =Y a,,f(t —nT)e?™ ', k=-5-4,.. 5

n

= g (1)e? ™A (9.19)

where Af = 100 GHz. The total signal field at the fiber input is

5
Gn®) = D qi(0). (9.20)

k=—5

Taking the Fourier transform of Eq. (9.20), we find

5 5
G =D, GO =), Tl —kAf), (9.21)

k=-5 k=—5
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where we have used the frequency-shifting property. Using Parseval’s relation, the total energy is

Etot=/ |‘Iin(t)|2dt=/ (G (NI df

- [ awmor
w 5 5
- [ Y me-wn T 5¢-mnar
0 f=-5 1=-5
ol 5
= [ | 2 80 -kanf + X T - kangi - ian| 9.22)
— | k=-5 k [

Kl

Consider the second term on the right-hand side of Eq. (9.22). g,(f — kAf) corresponds to the channel k
centered at kAf with a bandwidth of 50 GHz. Since Af > 50 GHz, the overlap term g, (f — kAf )§7(f — IAY)
is zero when k # [. Therefore, the total energy is

5 0
Bu= Y, [ B0-kanPar

k=-5

5 (&)

= Z / g (0)|%dt. (9.23)
k=—5 —%

Thus, we see that the total energy is the sum of the energy of each channel. So, it follows that the total power
is 11 times the power per channel:

power per channel = 0 dBm

=100 mW = 1 mW; (9.24)

total power = 11 mW
=10log;;11 dBm
=10.413 dBm; (9.25)
total fiber loss = 0.2 X 50 = 10dB; (9.26)

total power at the fiber output = 10.413 dBm — 10 dBm
=0.413dBm. (9.27)

9.3.1 WDM Components

Multiple wavelengths are combined using a multiplexer. The inverse operation of separating the wavelengths
of a combined signal is achieved using a demultiplexer. The photonic device used as a multiplexer can also
be used as a demultiplexer if the direction of propagation is reversed, because of the reciprocity property of
optical field propagation. The simplest example for a multiplexer/demultiplexer is a prism which separates
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White light
MoAd o+ Ay

Figure 9.5 Wavelength separation using a prism.

(or combines) the different colors of white light, as shown in Fig. 9.5. But the angular separations provided by
the prism are not large enough to separate the wavelengths of a WDM signal. The multiplexers can be divided
into two categories: (i) interference-based multiplexers use Mach—Zehnder or other types of interferometer;
(i1) diffraction-based multiplexers make use of diffraction to spatially separate the wavelengths. Examples
include prisms and gratings.

9.3.1.1 Mach-Zehnder Interferometer-Based Demultiplexer

Mach—-Zehnder interferometers can be cascaded to form a 1 X N demultiplexer [2—5]. Let us first consider the
theory of the 1 X 2 demultiplexer that separates two wavelengths. Fig. 9.6 shows a schematic of the demulti-
plexer. The 3-dB coupler is described by a matrix,

1 {1
M, =_[, ] (9.28)
coupler \/5 i 1
The outputs of the 3-dB coupler 1 are
Agﬁ: = McouplerAin’ (9.29)
where s
Ay, = [00] , (9.30)
A is the input field envelope. Substituting Egs. (9.28) and (9.30) in Eq. (9.29), we find
Al = Ay /V2. 9.31)
AL = iAg/ V2 (9.32)
L+ AL2
™ s s sap [P
Ay Coupler 1 > =<- ’: > Coupler 2 Port 2.
L—-AL2

Figure 9.6 1 X 2 wavelength demultiplexer.
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col
out,2

Acol
out,1
Al = l ] . (9.33)

Optical fields in the upper and lower arms of the interferometer undergo phase shifts k(L + AL/2) and k(L —
AL/?2), respectively, where k is the propagation constant and AL is the path-length difference between two
arms. Therefore, the inputs of the 3-dB coupler 2 can be written as

A
A2 = 70_ exp [ik(L + AL/2)], (9.34)
' 2
iA
A2 = 72 exp [ik(L — AL/2)]. (9.35)
' 2
The outputs of the 3-dB coupler are
Af)?ltz = McouplcrAiCIfz’ (936)
A2 = Ajexp (ikL)isin (kAL/2), (9.37)
A% = Agexp (ikL)i cos (KAL/2). (9.38)
The corresponding output powers are
Poy1 = [AS2 P = AGsin® (KAL/2), (9.39)
Poys = |Agﬁi2|2 = Ajcos® (kAL/2). (9.40)

Fig. 9.7 shows the power transmittances of ports 1 and 2. At a specific frequency, the power transmittance of
port 1 is maximum and at the same frequency, the power transmittance of port 2 is zero. This implies that if
the channel frequencies of a two-channel WDM system coincide with the frequencies corresponding to the
peak power transmittances of ports 1 and 2, they can be separated.

Power transmittance (Arb. units)

/
. NIV . L \ /. .
0 20 40 60 80 100 120 140 160 180 200

Relative frequency (GHz)

Figure 9.7 Power transmittance as a function of frequency deviation from the reference frequency of 194.8 THz.
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Consider an optical wave with propagation constant k; = 2zn/ A, where n is the refractive index of the MZ
interferometer. If

kAL =(QC2m+ Dr, m=0,=%1,+2, 9.41)
we have
Poul,l =A2’
Pout,2 =0. (9:42)

So, all the input power appears in port 1. Given another optical wave with k, = 2zn/4, and if
kAL =2lz, 1 =0,+1,+2, (9.43)

we find that all the input power appears in port 2. Therefore, if we choose the wavelengths 4; and A, such
that

nAL _ M’ (9.44)
A 2

nAL _, (9.45)
12

the optical fields with wavelengths A, and A, appear in ports 1 and 2, respectively. From Egs. (9.44) and

(9.45), we obtain
_ A A,2m + 1)

Ah— A =
2 2nAL
Since.)? = c//lj,j = 1,2, from Egs. (9.41) and (9.43), we obtain

/

s m =m—1=0,+1,+2. (9.46)

Af = Qm' + l)c,
2nAL

where Af = f| — f, is the channel spacing. For example, wavelengths 4; = 1540 nm and 4, = 1540.4 nm are

multiplexed in a WDM system. At the receiver, these wavelengths can be separated if

_ A AC2m+ 1)

- (A= Ap2n

(9.47)

AL m=0,+1,+2, ... . (9.48)
If we choose m = 0, we find AL = 2 mm.

A 1 X N demultiplexer can be constructed by cascading the 1 X 2 demultiplexer of Fig. 9.6. Fig. 9.8 shows
a schematic of a 1 X 4 demultiplexer. Suppose the input consists of four channels with wavelengths 4, 4,,

M 1x2

@ | Demux 2 }\2,
1x2

Demux 1 A3

1x2 ’
M Ay Demux 3 Ay

M A A3 Ay

Figure 9.8 1 x4 wavelength demultiplexer.
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A3, and A4, equally spaced in frequency. Let the frequency spacing be Af. The path-length difference AL of
Demux 1 is chosen so that odd and even wavelengths are directed to ports 1 and 2 of Demux 1, respectively.
The frequency difference between channels 1 and 3 is 2Af. If AL is chosen using Eq. (9.48), channels 1 and 2
are directed to ports 1 and 2 of Demux 1, respectively. Since the power transmittance is periodic with period
2Af (see Fig. 9.7), channels 1 and 3 have the maximum power transmittance at port 1 of Demux 1. Channels
1 and 3 are separated using Demux 2. Since the frequency difference between channels 1 and 3 is 2Af, AL
of Demux 2 should be half that of Demux 1. In this analysis, we assume that the couplers are ideal 3-dB
couplers and the MZ interferometer arms have no losses. As a result, we find that when the power output at
port 1 is maximum that at port 2 is zero, and vice versa (see Fig. 9.7). This corresponds to zero cross-talk
between channels. In practice, the power-coupling ratio deviates from 3 dB and the loss due to propagation
in MZ cannot be ignored. When these effects are included, it is found that the power output at port 2 is not
zero while that at port 1 is maximum, which leads to cross-talk between channels [5]. A 10 GHz-spaced
silica-based integrated-optic 8-channel MZ multi/demultiplexer is fabricated with a cross-talk of —10dB
or less [5].

9.3.1.2 Diffraction-Based Multiplexer/Demultiplexers

Diffraction-based multi/demultiplexers make use of Bragg diffraction to isolate/combine the wavelength
components [6,7]. Fig. 9.9 shows a schematic of the bulk grating-based demultiplexer. The WDM signal
consisting of multiple wavelength components is incident on the grating. Different wavelength components
diffract at different angles and they are collected by output fibers. One of the problems with bulk grating-based
demultiplexers is that the output fiber core must be much larger than the input fiber core in order to obtain the
required flat pass band [6, 7]. Instead, an array of optical waveguides acting as a grating could be used. Such
gratings are known as arrayed-waveguide gratings or phased-array demultiplexers.

9.3.1.3 Arrayed-Waveguide Gratings

The principle of wavelength multiplexing/demultiplexing using the AWG is discussed in Refs. [§—12]. Sup-
pose the input consists of two channels centered around A, and 4,. The input field propagates in a uniform

Output fibers

Grating

Input fiber

Figure 9.9 Bulk grating-based demultiplexer.
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Input _
———x
M2 S N2

Arrayed waveguides
Output waveguide 1
1

\\ }"2

Output waveguide 2

Figure 9.10 AWG demultiplexer.

medium and then it is incident on the waveguide array (or arrayed waveguides), as shown in Fig. 9.10. The
lengths of waveguides lj, j=-N/2,...,-1,0,1, ... ,N/2 — 1 are chosen so that the phase shifts introduced
by each single-mode waveguide are an integral multiple of 2z at wavelength 4,. The phase of the optical field
arriving through waveguide j at the output is

b;(21) = BQADL + 6;,(A)) = 2m; + 6,(A,), (9.49)

where f is the propagation constant of the waveguide j, 6, is the initial phase at the input of the waveguide
J and m; is an integer. For simplicity, let us assume that the input is a point source and the wave front at the
input of the waveguides is spherical, so that 6; = 6. When the lengths of the waveguides are chosen so that
Eq. (9.49) is satisfied, the waveguide array behaves like a phased array with uniform phase distribution at
the output. Because of the geometry, the diverging wave front at the input of the waveguide array becomes a
converging wave front at its output. The part of the spectrum centered around 4;, j = 1,2 at the output of the
waveguide array focuses on the output waveguide j. The reason for the spatial separation of the wavelengths
can be understood as follows. From Eq. (9.49), the phase difference between the adjacent waveguides at 4, is

S(A)) = dj(A)) — b, (A1) = P(A)Al = 2ma, (9.50)
where Al =[; — [;_; and m = m; —m,_, is an integer. Let

The Taylor-series expansion of the propagation constant around 4, is

Bhy) = B(A) +KAZ 952)
dp

k= — . 9.53

7 953)

From Egs. (9.49) and (9.52), we have

¢j(/l2) = ﬂ(lz)lj +6(4,)
=¢;(4) + A0 + kAL, (9.54)

where
AQ = 0(4y) — 0(4)) = 6,(4y) — O,(A)). 9.55)
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Wavefront at A

j -)Axk_
A /

/ —>» Wavefront at A,
jol—Y

Figure 9.11 Wavefronts at A, and 4,.

From Egs. (9.50) and (9.54), it follows that the phase difference between adjacent waveguides at 4, is
SP(Ay) = ¢i(4y) — d;_1(4y) = kAAAL (9.56)

Thus, although the phases of the adjacent waveguides are identical at A,, they are shifted by kAAAl at 4,.
Consider two adjacent waveguides j and j — 1 separated by a, as shown in Fig. 9.11. Suppose the optical field
in waveguide j propagates an additional distance Ax, then the phases of the output of waveguides j and j — 1
become identical, i.e.,

kAAAL = f(A,)Ax. 9.57)

Thus, the wave front (the locus of all the points having the same phase) at 4, is tilted by an angle A =
Ax/a. Therefore, in Fig. 9.10, the output of the waveguide array corresponding to wavelength 4, focuses on
a different port than the wavelength 4,.

A waveguide grating demultiplexer on InP which resolves 16 channels with a channel spacing of 1.8 nm
and with low polarization sensitivity was demonstrated in 1994 [11]. A 4-channel phased-array wavelength
demultiplexer on InGaAsP/InP with a channel spacing of 1 nm was demonstrated in 1996 [12].

Example 9.3

A 1 x2 AWG demultiplexer has to be designed. A, = 1550 nm, 4, = 1550.8 nm, §, = 5.87 x 10°m~" at 4,,
B, = 4.86 x 10™%s/m at 4. (a) Find the lengths of the adjacent waveguides /; and [, such that the phase
shifts ¢»; and ¢, at the fiber outputs at A; are integral multiples of 2z. (b) Calculate ¢; and ¢, at 4,. Assume
61 = 62 = O.

Solution:
(a) Let
PADL =27my, (9.58)

BADL, = 2zm,. (9.59)

Here, m; and m, could be any integers. Let m; = 100 and m, = 110:

p(A) = By =5.87x10°m™", (9.60)
i = w = 107.04 pm, 9.61)
0
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_ 27 x110

I = 117.74 pm. (9.62)
Bo
(b)
dp  dpf dw dp df
ol D g PR 9.63
T i) ) (9-63)
C
==, 9.64
1 (9.64)
C
df = —ﬁdﬂ, (9.65)
d _ 8
4 = X el s (e (9.66)
dAli=15500m (1550 x 10-9)2
_dap _ -9
By = 7 Lirssomm = 4.86 x 1077 s/m. (9.67)
Eq. (9.63) may be written as
dp _ df
dA14,=1550nm _2”ﬁ15 A,=1550nm
=-3.81x10%m™2. (9.68)
From Egs. (9.49) and (9.54), we have
¢1()~2) = ﬁ(/lz)h
dp
= p(ADL + (4, — A, A4, =1550mm
=27 x 100 — 0.8 x 10~ x 107.04 x 107° x 3.81 x 10'? rad
=6.279 x 10? rad, (9.69)
by(4y) = B(Ay)l,
dp
= p(ADhL + (4, — il)lza 421550 nm
=27 X 110-0.8x 107 x 117.74 x 107° x 3.81 x 10'? rad
=6.907 x 10? rad. (9.70)

9.3.2 WDM Experiments

WDM has been studied extensively and is used in commercial transmission systems. Early WDM experiments
were carried out using direct detection [13]. With the advent of digital coherent receivers, the information
capacity and spectral efficiency have increased significantly. A data rate of 7.2 Tb/s over a distance of 7040 km
with a spectral efficiency of 2 bit/s/Hz is achieved using PDM and QPSK [14]. The baud rate of each WDM
channel in this experiment is 25 GBaud, excluding the FEC overhead. Because of QPSK modulation forma-
tion, the bit rate of each PDM channel is 50 Gb/s. Since there are two PDM channels for each optical carrier, the
total bit rate per WDM channel is 100 Gb/s. The total number of WDM channels is 72, leading to a total bit rate
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of 7.2 Tb/s. The optical bandwidth occupied by the WDM signal is 28 nm (or 3.5 THz), leading to a spectral
efficiency of 7.2 /3.5 = 2 bit/s/Hz. The spectral efficiency can be increased further by using MPSK or QAM. A
17-Tb/s (161 x 114 Gb/s) polarization-multiplexed WDM signal is transmitted over 662 km using RZ-8PSK
[15]. A spectral efficiency of 4.2 bit/s/Hz was achieved in this experiment [15]. A 32-Tb/s (320 x 114 Gb/s)
polarization-multiplexed RZ-8QAM signal was transmitted over 580 km of SMF-28 with a spectral efficiency
of 4bit/s/Hz [16]. As the spectral efficiency increases, the transmission distance decreases because of fiber
nonlinear effects (see Chapter 10).

94 OFDM

WDM is a FDM technique in which the carriers are typically not orthogonal. A special class of FDM in
which the carriers (or subcarriers) are orthogonal is known as orthogonal frequency-division multiplexing
(OFDM). In a WDM system, if the channel spacing is smaller than the bandwidth of the channels, this leads
to cross-talk and performance degradation. However, in an OFDM system, if the separation between carriers
is smaller than the band width of the data in each carrier, there is a significant spectral overlap between the
neighboring channels and yet there would be no cross-talk or performance degradation because of carrier
orthogonality conditions.

OFDM has drawn significant research interest in optical communications recently [17-33]. OFDM is
widely used in wired and wireless communication systems because it is resilient to ISI caused by disper-
sive channels. It has been used for digital audio broadcasting, HDTV terrestrial broadcasting, and wireless
LANS. The first proposal to use orthogonal frequencies for transmission appeared in a 1966 patent by Chang
[34]. In 1969, Salz and Weinstein [35] introduced orthogonal carriers by using the discrete Fourier transform
(DFT). In 1971, Weinstein and Ebert [36] applied the discrete cosine transform (DCT) to a multi-carrier trans-
mission system as part of a modulation and demodulation process. The cyclic prefix, which is an important
aspect of the OFDM system, was proposed in 1980 [37].

9.4.1 OFDM Principle

Consider a multi-carrier communication system as shown in Fig. 9.12. Suppose d, (), d,(?), ..., dy(t) are the
complex data streams to be transmitted:
d, for0<r<T
dn =14 0 OTTSES s 9.71)
0 otherwise,

0

exp (i2n ft)

0

exp (2w f>t)

exp (i2m fit) exp (—i2n fiyt)

exp(—i2n fit)

exp (—i2n f>t)

Figure 9.12 A multi-carrier communication system.

www.EngineeringEBooksPdf.com



Channel Multiplexing Techniques 403

where T is the symbol period and d,, is a constant. Let f|, /5, ... ,fy be the carrier frequencies. The carrier
exp (i2zf,t) is modulated by the data stream d,,, n = 1,2, ... , N and then the modulated signals are combined
to obtain the transmitted signal.

N
5,0 =) d, (1) exp (i2xf, ). 9.72)
n=1

At the receiver, the received signal is multiplexed by the bank of local oscillators and integrators. In the
absence of channel distortion and noise effects, the signal after the integrator can be written as

T.)'
d,,,:Ti /0 s, () exp (=2xf,tdt, m=1,2, ... N (9.73)
s
10 e
== / D d, @ty exp [i2x(f, - f,)]d. (9.74)
s S0 =g

The integrator is nothing but a low-pass filter and the terms oscillating at frequencies f, — f,,, n # m do not
contribute significantly if f, —f,, is larger than 1/7. Therefore, a significant contribution comes only from
the d.c. term corresponding to n = m in Eq. (9.74), leading to

d, ~d,. (9.75)

One of the disadvantages of this approach is that frequency separation between carriers should be sufficiently
large so that the contributions from the cross-terms at frequencies f,, — f,,,, n # m in Eq. (9.74) are small. This
leads to excessive bandwidth requirements. Besides, the transmitter and receiver require a bank of analog
oscillators, product modulators, and filters, increasing the complexity of the architecture.

The bandwidth can be utilized efficiently if the carriers are orthogonal. Suppose we choose the carrier
frequencies such that

T : _
= / exp [i2n(f,, — f,)1] = {1 Hom=n 9.76)
s JO

0 otherwise.
Now, the carriers are said to be orthogonal over the interval [0, T} ]. If
fn=m/T, m=1,2, ... N, 9.77)

it can easily be verified that Eq. (9.76) is satisfied. Therefore, the carrier frequencies should be integral multi-
ples of the symbol rate (= 1/7). For example, the first carrier is a sinusoid with period 7, the second carrier
is a sinusoid with period 7,/2, and so on. Using Eqs. (9.71) and (9.77), Eq. (9.72) may be rewritten as

N .
5,(t) = Z d,, exp <12;m) ,0<t<T, 9.78)
n=1 s
If we discretize the time interval
t=kAt, k=1,2, ... ,N, (9.79)
where At is the sampling interval with
NAt=T,, (9.80)

Eq. (9.78) is modified as

i2rkn
N

N
spkAn =5, = 3 d,, exp[ ] k=12, ... ,N. 9.81)

n=1
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s, 1s the inverse discrete Fourier transform (IDFT) of the data sequence {dno h,n=1,2, ... ,N.IDFT can be
computed efficiently using the inverse fast Fourier transform (IFFT). In other words, the bank of oscillators,
product modulators, and adders in the transmitter section of Fig. 9.12 can be replaced by an IDFT operation in
the digital domain. Similarly, the bank of correlators at the receivers can be replaced by a DFT. In Eq. (9.74),
because of the orthogonality condition given by Eq. (9.76), all the terms at frequencies f,, — f,, vanish except
for the d.c. term with n = m. Therefore, R

d,=d (9.82)

m = “mgy*

Replacing the integral in Eq. (9.73) by summation with ¢ = kAt and using Eqs. (9.77) and (9.80), we obtain

N
2m = ZLV 2 s,.(kAt) exp (—

k=1

2rmk

), m=1,2,....N. (9.83)

Thus, am is the DFT of s;, which can be computed using the FFT. Fig. 9.13 shows a simplified block diagram of
an optical OFDM system. Consider the data sequence {d,, d,, ..., dy}* in asymbol interval [kT,, (k+ 1)T,].
The IDFT of this sequence is computed by means of IFFT. After parallel-to-serial conversion (P/S), the optical
carrier (laser) is modulated by the electrical OFDM symbol and then it propagates through the fiber-optic
link. At the receiver, a coherent receiver is used to retrieve the electrical OFDM symbol. After performing
the serial-to-parallel (S/P) and DFT operations, the transmitted data sequence {d,, d,, ..., dN}k of the kth
OFDM symbol can be recovered in the absence of noise and distortion. The IDFT operation at the transmitter
and the DFT operation at the receiver are repeated for every OFDM symbol.

In a dispersive channel such as an optical fiber, different frequency components travel with different speeds.
In a normal dispersion fiber, a higher-frequency subcarrier of a given OFDM symbol is delayed and it would
interfere with the data in the neighboring symbol. Suppose, at the receiver, the timing offset is chosen so that
the DFT window is synchronized with subcarrier 1. Now, subcarrier N is delayed by (see Egs. (2.197) and
(2.203))

AT = |p,|AwL = DAIL, (9.84)

where f, is the dispersion coefficient, D is the dispersion parameter, L is the fiber length, and Aw is the angular
frequency difference between subcarrier 1 and subcarrier N. From Fig. 9.14, it can be seen that subcarrier

Digital signal processing (DSP)

% OFDM symbol

N
- L) d,
— —»
d, z 0 Fiber
pt. Opt d
—* IFFT [ PIS Mod. > Sptl-( — o | se || BT L2
11
dN
— - dy

Laser

Figure 9.13 Block diagram of an optical OFDM system. Opt. mod. = optical modulator, P/S = parallel to serial, S/P =
serial to parallel.
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Figure 9.14 Subcarriers of the OFDM system with no cyclic prefix.

N has moved out of the DFT window. This leads to two issues. First, it would interfere with the data in
the neighboring OFDM symbol if there is no guard interval between the two. This is known as intercarrier
interference (ICI) and could lead to performance degradation. Second, as can be seen from Fig. 9.14, the first
few cycles of the subcarrier N at the receiver are empty within the DFT window and, therefore, subcarriers
1 and N are no longer orthogonal over the symbol interval. The breakdown of orthogonality conditions also
leads to performance degradations.

To preserve the orthogonality, a cyclic prefix is used [27, 28]. Instead of leaving the guard interval empty,
the last few cycles of subcarrier N within a block are copied to the guard interval, as shown in Fig. 9.15.

At Tx At Rx

DFT window

Cyclic prefix /v

Subcar 1

'I|l"III' I|I“f|I'IiI"I|I"III'III"I|I"III'I:'I"III"III"

|H|||H!|Unﬂ L Wil Hmhnﬂw n

Time

Subcar N

15

Figure 9.15 Subcarriers of the OFDM system with cyclic prefix.
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Although subcarrier N moves out of the DFT due to fiber dispersion, because of its identical copy in the
guard interval, the signal corresponding to subcarrier N at the receiver is the same as that at the transmitter
except for a phase jump, as shown in Fig. 9.15. The phase jump can be removed after channel estimation at
the receiver. As long as the maximum delay AT introduced by the dispersive channel is less than the guard
interval 7', the subcarriers are orthogonal at the receiver. The maximum delay AT is

AT = |B,|2zNAf)L, (9.85)

where Af = 1/T, is the frequency spacing between subcarriers. Therefore, the guard interval should be chosen
so that

|B,|(aNAML) < T, (9.86)

To preserve the orthogonality of all the subcarriers, the last few cycles of each subcarrier should be copied
to the guard interval. Although the guard interval increases the tolerance against delay due to dispersion, it
reduces the efficiency since the guard interval is discarded by the receiver.

9.4.2 Optical OFDM Transmitter

Fig. 9.16 shows a block diagram of an optical OFDM transmitter. First, the binary serial input is converted to
parallel (S/P). For example, a bit sequence {00110111} is broken into {00}, {11}, {O1}, and {11}. Each of
these subsequences is mapped into QPSK data using a symbol mapper, i.e.,

{00} — (-1 -i)/\/2=4d,
(11} > A +)/V2 =4,

and so on. By breaking the bit sequence {00110111} into {0011} and {0111}, a symbol mapper could map it
onto QAM-16 data. The output of the symbol mapper is complex data which passes through the IFFT block.
After the parallel-to-serial conversion (P/S) and guard interval insertion, the digital signal is converted to an
analog signal using a digital-to-analog converter (DAC). In fact, the IFFT output is complex in general and,
therefore, two DACs are needed. The outputs of the DACs are used to modulate an optical 1Q modulator.

r—-—- " " " —-"—-"—-"—-"—-"—-"———— =
. eo|e
B?nary I 00 ole [
mput
g S Symbol wer B IS I
0011...11 mapper — I
| i |
| * ______________ _l
I I (0) fiber ch 1
|| Guard _|_>|: FDM _ | Optical IQ To fiber channe
| interval | DAC "] modulator
- — —

Laser

DSp

Figure 9.16 Block diagram of the OFDM transmitter. S/P = serial to parallel, P/S = parallel to serial, DAC =
digital-to-analog converters.
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DAC
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MZM-Q |—| 2
)

DAC

Imaginary part of OFDM data

Figure 9.17 Block diagram of an IQ modulator. MZM = Mach—Zehnder modulator, DAC = digital-to-analog converter.

A description of the IQ modulator is provided in Fig. 9.17. Real and imaginary parts of the OFDM data
modulate the laser light using a Mach—Zehnder modulator-I (MZM-]) and MZM-Q, respectively. Let the real
and imaginary parts of the OFDM data be m,.(¢) and m;(t), respectively. Assuming that the MZMs operate in
the linear regime, the MZM-I and MZM-Q outputs can be written as (see Section 4.6.2.2)

A
q; = —=m,(t) exp (—i2zf.1), (9.87)
I /2

A (1) exp (—i2xf,1) (9.88)
qo = —=m,(t) exp (—i2zxf.1). :
0=

The output of MZM-Q passes through a 7 /2 phase shifter, which is equivalent to multiplying by i. After the
output y-branch in Fig. 9.17, the output is given by

q=1(q; + iqg)/\/i
= %m(t) exp (—i2xf.t), (9.89)

where m(t) = m,.(t) + im;(¢) is the complex OFDM data.

9.4.3 Optical OFDM Receiver

Fig. 9.18 shows a block diagram of an optical OFDM receiver with coherent detection. The output of the
fiber-optic link passes through an optical IQ receiver (see Chapter 5) consisting of a 90° hybrid and an array
of photodetectors. The I- and Q-branches of the IQ receiver output correspond to the real and imaginary
parts of the OFDM data, respectively. After the analog-to-digital conversion (ADC), the I and Q signals pass
through the DSP unit for further signal processing. Combining the real and imaginary parts, complex OFDM
data is formed and the DFT of this data is computed using FFT, after serial-to-parallel conversion on each
OFDM symbol. In the absence of laser phase noise, fiber propagation effects, and ASE, the output of the FFT
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Figure 9.18 Block diagram of an optical OFDM receiver. S/P = serial to parallel, ADC = analog-to-digital converter,
DSP = digital signal processing.

block would be the actual data in each subcarrier. However, because of the noise and fiber propagation effects,
the signal is distorted. To undo these distortions, phase and channel estimation and equalization are carried
out in the digital domain. More details can be found in Ref. [38].

9.4.4 Optical OFDM Experiments

Transmission of a 1-Tb/s OFDM superchannel over 8000km of SSMF link at a spectral efficiency of
3.1bit/s/Hz has been demonstrated experimentally [39]. Each channel of a WDM system can use OFDM
as modulation format. Since OFDM has a compact spectrum, the guard band between WDM channels can
be reduced. The experimental demonstration of an §-channel dense WDM (DWDM) transmission with a
spectral efficiency of 7 bit/s/Hz using a 65.1-Gb/s coherent PDM—OFDM signal in each channel with §-GHz
channel spacing utilizing 32-QAM data on each subcarrier of an OFDM over a 240-km SSMF link has been
carried out [40].

Using a coded modulation scheme for coherent OFDM, a 231.5-Gb/s OFDM signal at a record spectral
efficiency of 11.15 bit/s/Hz over an 800-km ultra-large-area fiber link has been demonstrated experimentally
[41]. The spectral efficiency in this experiment is close to the Shannon limit. However, the signal reception in
most of the experimental reports is processed off-line. This is because it is hard to implement DFT and IDFT
in real time at higher data rates. Multi-band real-time coherent OFDM reception at a data rate of 110 Gb/s
based on a field programmable gate array (FPGA) with an individual sub-band of 3.33 Gb/s over a 600-km
fiber-optic link has been demonstrated [42].

Example 9.4

An optical OFDM system has 128 subcarriers with a frequency spacing of 78.125 MHz between subcarriers.
The dispersion of the transmission fiber is —22 ps?>/km. The guard interval is 1.28 ns. Calculate the maximum
reach up to which the carrier orthogonality is preserved.

Solution:
The carrier orthogonality will not be preserved if

|B,|2zNAFL) < T,. (9.90)
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The maximum reach is given by

. Ty B 1.28 % 1079
max [B,|2QaNAf) 22 % 10727 x 27 X 128 x 78.125 x 10°
=925 km. (9.91)

9.5 Time-Division Multiplexing

In the case of frequency-division multiplexing, parallel streams of data are modulated by carriers with differ-
ent frequencies so that the data spectra do not overlap (see Fig. 9.4). Instead, the parallel streams of data can be
converted to serial data in such a way that the individual streams do not overlap in time. This type of multiplex-
ing is known as time-division multiplexing (TDM). Fig. 9.19 illustrates the schematic of a two-channel TDM.
Let 7, be the symbol interval of the individual data streams corresponding to a symbol rate of B, = 1/T.
TDM converts the parallel data streams into serial data with two symbols within the symbol interval T, as
shown in Fig. 9.19. To avoid the overlap in time, the pulse widths should be less than 7 /2. In this example,
the total symbol rate is 2B,. In general, for an N-channel TDM system, the pulse widths should be less than
T,/N and the total symbol rate is NB,.

TDM can be performed in either an electrical or an optical domain. However, as the bit rate increases beyond
40 Gb/s, if becomes hard to do electrical TDM because of the limitations imposed by high-speed electronics.
Instead, channels can be multiplexed in the optical domain and such a scheme is known as optical TDM
(OTDM). Because of the wide bandwidth of optical devices, OTDM can be used to obtain a total bit rate of
several terabits per seconds.

9.5.1 Multiplexing

To realize OTDM, ultra-short laser pulses and delay lines are required [7, 43]. Fig. 9.20 shows a schematic of a
four-channel OTDM system. A train of ultra-short pulses is split into four branches. Each branch is modulated
by the electrical data. To avoid the temporal overlap of channels, channel j,j = 1, 2, 3,4, is delayed by (j — 1)T,
where T = T, /4, using a delay line. The delay lines can be realized using fiber segments (see Example 2.5).
The output of all branches is combined to obtain a TDM signal.

AL

TDM >
Ch.2 TDM signal

T > a

Figure 9.19 Schematic of a two-channel TDM.
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Figure 9.20 Schematic of a four-channel OTDM. Mod = optical modulator and T refers to a delay of T, /4.

Electrical clock

Ch12 12 1 2 signal Ch. 1 1 1
> MZM >
OTDM signal \ Demultiplexed

channel 1

Figure 9.21 Schematic of an OTDM demultiplexer. MZM = Mach—Zehnder modulator.

9.5.2 Demultiplexing

Fig. 9.21 shows a schematic of a two-channel OTDM demultiplexer. The MZM is driven by the electrical
signal at a clock rate of B,. To demultiplex channel 1, the amplitude of the electrical driving voltage is
chosen so that channel 1 is at the peak of the MZM transmittivity and channel 2 is at the null (see Section
4.6.2.2). Therefore, the modulator transmits channel 1 without significant attenuation while it rejects channel
2. A similar MZM with the appropriate delay transmits channel 2 while rejecting channel 1. MZMs can
easily be cascaded to demultiplex a channel from an N-channel OTDM signal [7,43]. To avoid cross-talk
from other channels, the extinction ratio of the modulator should be high [43]. A moderate extinction ratio
(~ 15dB) can be realized with MZMs. To enhance the extinction further, electroabsorption modulators
can be used.

Example 9.5

A pulse incident on a 3-dB splitter as shown in Fig. 9.22 has a pulse width (FWHM) = 5 ps and a peak power =
5 mW. The length of fiber 1 is | mm. Find the length of fiber 2 so that the separation between pulses after the
combiner is 25 ps. Assume #; = 0.5 X 1078 s/m and g, = 0 for both fibers.
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Figure 9.22 Generation of OTDM bit stream.

Solution:

The 3-dB splitter splits the optical pulse into two pulses, each with half power.

The delay occurring in fiber 1is f{L =0.5x 1078 x 1 x 1035 =5 ps.

To have a separation of 25 ps between pulses, the delay in fiber 2 should be 25 ps + 5 ps = 30 ps. Therefore,
the length of fiber 2 is given by

-12
delay _ 30 x 10 — 6 mm. (9.92)
B 0.5%x10-8

Example 9.6

Develop an OTDM to multiplex four 10-Gb/s data streams into a single 40-Gb/s data stream. Assume the
same parameters as in Example 9.5.

10-Gb/s data stream
1

1
A A 40-Gb/s signal
s 1 ! ' ! .
t - \Ch.:1234:1234:1234:
1

Ch. 2 )\

e
]
O

T —
-
~Y
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= =
[ —
= _
[ ~
[ —
[ —
== _
[ —
[ —
[ —

1 Combiner =100 ps >

04~

Figure 9.23 Multiplexing four 10-Gb/s data streams into a 40-Gb/s bit stream.
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Solution:
The bit interval for a 10-Gb/s signal is equal to

The bit interval for a 40-Gb/s signal is equal to
1

Fig. 9.23 shows a schematic of an OTDM which multiplexes four 10-Gb/s bit streams into a 40-Gb/s bit
stream. To have a delay of 25 ps between Ch. 1 and Ch. 2, L, =L; +25ps/f,. If L; = 1 mm, L, = 6 mm.
Similarly, L; = 11 mm and L, = 16 mm. Fig. 9.24 shows the pulses of 10-Gb/s channels within a bit interval
of the 40-Gb/s signal.

40-Gb/s signal

Ch. 1 Ch. 2 Ch. 3 Ch. 4

| I I I |
25 ps I
<t 100 ps :I

a\/

Figure 9.24 40-Gb/s signal obtained by multiplexing four 10-Gb/s signals.

9.5.3 OTDM Experiments

In one of the early OTDM transmission experiments [44], a 100-Gb/s OTDM signal was transmitted over
560km. The OTDM signal was obtained by multiplexing 16 channels at a bit rate of 6.3 Gb/s. A 40-km
normal dispersion fiber was used in the first half of an 80-km fiber span and a 40-km anomalous dispersion
fiber was used in the other half so that second-order dispersion was compensated. The transmission distance
in the above experiment was mainly limited by higher-order dispersion. As the bit rate increased beyond
40 Gb/s, the performance was degraded by the ISI caused by higher-order dispersion. This problem can be
alleviated by using a dispersion slope compensation fiber which compensates for third-order dispersion.
A 400-Gb/s OTDM signal was transmitted over 40 km using a dispersion slope compensation fiber [45].
A 1-Tb/s OTDM soliton signal was transmitted over 1000 km using a DMF consisting of alternating
sections of normal and anomalous dispersion fiber [46]. The section length in the above experiment was
around 10km. The normal dispersion fiber section not only compensated for second-order dispersion
of the anomalous dispersion fiber section, but also for the dispersion slope. OTDM can be combined
with WDM to increase the capacity. A six-channel WDM system with each channel consisting of a
170.6-Gb/s OTDM signal was demonstrated over a 2000-km nonzero dispersion fiber using RZ-DPSK
format [47].
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9.6 Additional Examples

Example 9.7

In a polarization-multiplexed WDM system based on QAM-16, the number of channels = 24 and the symbol
rate per polarization = 28 GBaud. Ideal Nyquist pulses are used in each channel. Assuming that the channel
spacing Af is equal to the signal bandwidth f; in a channel, calculate (a) the total data rate and (b) the spectral
efficiency.

Solution:
(a) The data rate of a channel per polarization, B, = 28 GBaud. For QAM-16, we have

B =Blog,16
=112 Gb/s. (9.95)

Here, B is the data rate of a channel per polarization.

Total data rate = B X no. of polarizations X no. of channels
=112 X2 X 24 Gb/s
=5.376 Tb/s. (9.96)

(b) For a Nyquist pulse, the signal bandwidth f, = B; = 28 GHz. With f;, = Af, the total WDM signal band-
width is

NAf =28 x 24 GHz,
= 672 GHz, (9.97)

total data rate
total bandwidth
5376
= — H
<72 b/s/Hz

= 8 b/s/Hz. (9.98)

spectral efficiency =

Example 9.8

In an optical OFDM system, each subcarrier is modulated by QPSK data. The guard interval is 7% of the
OFDM symbol period and the carrier orthogonality should be preserved over a transmission distance of at
least 5000 km. Find the number of subcarriers required to transmit information at a data rate of about 10 Gb/s.
Assume §, = —22 ps?/km.

Solution:
Let the symbol rate of a subcarrier be B,. For QPSK, we have

B = B,log,4 = 2B,. (9.99)
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Therefore, the total bit rate is
NB =2NB, = 10Gb/s, (9.100)

where N is the number of subcarriers. Since the frequency separation between the subcarriers Af = Ti = B,,
Eqg. (9.86) may be rewritten as

§

T,

L =—2 9.101
mx = 15, [@aNB,) 10D

where L

max 15 the maximum reach up to which carrier orthogonality is preserved. From Eq. (9.101), we find

T,=5000% 10° x 22X 107" x 10X 10° X 7 5
=3.4558ns. (9.102)

Since T, = 0.077, T, = 49.368 ns. Using Eq. (9.100), with T = 1/B, we find

9 —9
N:ﬂoor{ 10 x 10 x 49.368 x 10 }

2
=246. (9.103)

Example 9.9

In a polarization-multiplexed OFDM system, there are 64 subcarriers and each carrier is modulated by
QAM-64. OFDM symbol period = 12.8 ns, launch power to the fiber = 2dBm, fiber loss = 0.19 dB/km,
fiber length = 70 km. Calculate (a) the signal power/subcarrier/polarization at the fiber output, (b) the data
rate and (c) the spectral efficiency.

Solution:

(2)
Total loss = 0.19 x 70 = 13.3 dB. (9.104)

Input power = 2 dBm. (9.105)

Output power P, (dBm)=2 — 13.3dBm
=-11.3dBm. (9.106)

P, (mW) = 107113/10 mw

=0.0741 mW. (9.107)
No. of subcarriers = 64. (9.108)
No. of polarizations = 2. (9.109)
. . . 0.0741
1 1 =
Signal power/subcarrier/polarization > % 64 m
=5.789 x 10™* mW. (9.110)
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®) OFDM symbol period 7 = 12.8 X 1077 s. (9.111)
Symbol rate/subcarrier B, = TL = 78.125 MBaud. (9.112)
S
For QAM-64, we have
bit rate B = log,64B, = 468.75 Mb/s. (9.113)

Since there are 64 subcarriers and two polarizations, the total data rate is

By = 468.75 x 10% x 2 x 64

= 60 Gb/s. 9.114)
(c) Separation between subcarriers Af = Tl = 78.125 MHz. (9.115)
N
Total bandwidth = no. of subcarriers X Af
=5GHz. (9.116)
. total data rate

Spectral effi =———

pectal eHiCIEnTyY = total bandwidth
= 12 b/s/Hz. (9.117)

Exercises

9.1 In a polarization-multiplexed WDM system, number of channels = 20, total data rate = 2 Tb/s, and
spectral efficiency = 4 b/s/Hz. Calculate the channel spacing.
(Ans: 25 GHz.)

9.2 In a polarization-multiplexed WDM system based on NRZ-OOK, the first null of the NRZ spectrum
occurs at fo = 40 GHz. WDM signal bandwidth = 34.3 nm. The channel spacing = 2.5f;, and spectral
efficiency = 0.2 b/s/Hz. Calculate (a) the number of channels and (b) the total data rate.

(Ans: (a) 43, (b) 0.86 Tb/s.)

9.3 A polarization-multiplexed WDM signal is transmitted over a 60-km-long fiber. Number of channels
= 20, fiber loss = 0.18 dB/km, channel spacing = 100 GHz, signal in each channel band-limited to
40 GHz. If the total power at the fiber output is —12.8 dBm, find the signal power/channel/polarization
at the fiber output.

(Ans: 0.0158 mW.)
9.4 Explain the operating principles of an AWG multiplexer/demultiplexer.
9.5 1Ina WDM system, an AWG is used to demultiplex two channels. Find the length difference Al of the

adjacent single-mode waveguides such that the corresponding phase-shift difference is 10z. Assume
By =58x10°m".

(Ans: 5.416 pm.)
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9.6

9.7

9.8
9.9

9.10

9.11

9.12

Explain the difference between WDM and OFDM systems.

In a polarization-multiplexed optical OFDM system, there are 256 subcarriers and each subcarrier is
modulated by QAM-16 data. OFDM symbol period = 81.92 ns and fiber dispersion f, = —22 ps>/km.
The optical OFDM signal needs to be transmitted over a distance of 1000 km. Find (a) the minimum
guard interval to ensure carrier orthogonality and (b) the total data rate.

(Ans: (a) 0.4319ns, (b) 25 Gb/s.)
Discuss the significance of the cyclic prefix.

A polarization-multiplexed OFDM signal is transmitted over a 50-km-long fiber. Total OFDM band-
width = 2.5 GHz, fiber loss = 0.19 dB/km, OFDM symbol period = 204.8 ns. If the total power at the
fiber output is —13 dBm, find the signal power/subcarrier/polarization at the transmitter.

(Ans: 4.362 x 1074 mW.)

In a polarization-multiplexed optical OFDM system, there are 128 subcarriers and each carrier is mod-
ulated by QAM-16 data. It is desired that the guard interval should not exceed 5% of the OFDM symbol
period and the carrier orthogonality should be preserved over a distance of 500 km. Calculate (a) the
OFDM symbol period and (b) the spectral efficiency. Assume f, = —22 ps?/km.

(Ans: (a) 13.302 ns, (b) 8 b/s/Hz.)

Write a computer program to simulate the polarization-multiplexed OFDM system with the following
parameters: total data rate = 28 Gb/s, modulation = QPSK, transmission distance = 1000 km, ampli-
fier spacing = 100 km, fiber loss = 0.18 dB/km, fiber dispersion f, = —22 ps?’/km. The guard interval
should not exceed 6% of the OFDM symbol period. Choose the OFDM symbol period such that car-
rier orthogonality is preserved. Assume that Mach—Zehnder modulators operating in the linear regime
are used and ignore fiber nonlinearity and amplifier noise. Plot the OFDM symbol in the time and
frequency domain at the fiber-optic link input and at the receiver after DFT.

Develop an optical TDM scheme to multiplex four 25-Gb/s data streams into a single 100-Gb/s data
stream. Explain how the TDM signal can be demultiplexed at the receiver.
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10

Nonlinear Effects in Fibers

10.1 Introduction

So far, we have treated the fiber optic system as a linear system, but it is actually a nonlinear system because
the refractive index of the fiber changes with the intensity of signal due to the Kerr and Raman effects. In
Section 10.2, the origin of linear and nonlinear refractive indices and the Kerr effect are discussed. Since the
change in refractive index due to the Kerr effect translates into a phase shift, the signal phase is modulated
by its power distribution, which is known as self-phase modulation (SPM). SPM leads to spectral broaden-
ing and the exact balance between dispersion and SPM leads to soliton formation. A soliton is a pulse that
propagates without any change in shape over long distances. Sections 10.3—10.6 present the effects of dis-
persion, SPM, and soliton formation. In WDM systems, several channels co-propagate down the fiber. The
phase of a signal in a channel is modulated not only by its channel power, but also by other channels, which
is known as cross-phase modulation (XPM). In addition, nonlinear interaction among two or more chan-
nels leads to four-wave mixing (FWM), which acts as noise on channels. The impact of XPM and FWM on
the system performance of a WDM system is discussed in Section 10.7. In a high-bit-rate highly dispersive
single-channel system, signal pulses overlap strongly in the time domain, leading to intra-channel four-wave
mixing (IFWM) and intra-channel cross-phase modulation (IXPM). These intrachannel nonlinear effects are
discussed in Sections 10.8—10.10. The propagation of a high-intensity optical pulse leads to an instanta-
neous as well as a delayed change in refractive index. The instantaneous response is responsible for the Kerr
effect, while the delayed response is associated with the Raman effect. Section 10.11 is devoted to the stimu-
lated Raman effect, which is responsible for the amplification of a low-frequency signal by a high-frequency
intense pump.

10.2 Origin of Linear and Nonlinear Refractive Indices

In a dielectric medium, light travels at a speed lower than that in free space. This can be understood
qualitatively as follows. The electric field of the light wave acts on an electron, making it oscillate in
accordance with Coulomb’s law. An oscillating charge acts as a tiny antenna which radiates electromagnetic
radiation at a frequency the same as that of the incident wave in a linear approximation. The newly generated
electromagnetic field is the same as the incident field, except for a phase shift. In other words, absorption of
the incident field by a molecule and re-radiation delays the propagation of light compared with free-space
propagation. The exact determination of the displacement of electrons due to the electric field of a light
wave is a complicated problem of quantum mechanics. Instead, we use a classical electron oscillator model
in which the electron is modeled as a charged cloud surrounding the nucleus, as shown in Fig. 10.1(a) [1].

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
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Electron charge cloud

Nucleus

(a)

Figure 10.1 Classical electron oscillator model: (a) in equilibrium; (b) in the presence of an external field.

When an external electric field intensity E, is applied to an atom, the electron charge cloud is displaced
from its equilibrium position, as shown in Fig. 10.1(b). The equation of motion for the center of the electron
charge cloud is given by Newton’s law,

d*x
mﬁ =Fext=qux, (101)

where x() is the displacement of the center of the electron charge cloud, m is the electron mass, and g,
is the electron charge. When the center of the electron cloud moves away from the equilibrium position
(Fig. 10.1(b)), there is a force of attraction between the nucleus and the electron charge cloud. If the displace-
ment x(¢) is small, the restoration force can be approximated as

Fresioration = —KX, (10.2)

where K is a constant. The negative sign indicates that the restoration force acts in a direction opposite to
the external force. The situation is similar to the case of a simple pendulum pushed away from the equilib-
rium position by an external force; there is a restoration force due to gravitation which pulls it back to the
equilibrium position. The net force acting on the electron is given by

Fnet = Fext + Frestoration = QeEx — Kx. (10.3)

Combining Eq. (10.3) with Newton’s law, we obtain

d2
md—: =F,, =q,E, —Kx (10.4)
or "
d“x 2. 9e
a o= () B (10

where v, = (K /m)'/? is the natural frequency of oscillation. Suppose the applied field is of the form

E,. = E,exp (—iwt). (10.6)
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We expect that the displacement x(#) should also change harmonically in the steady state and try a trial solution
x(t) = Bexp (—iwt). (10.7)

Substituting Eqgs. (10.7) and (10.6) into Eq. (10.5), we obtain

E
p=— 09 (10.8)
m(w(z) —w?)
and q
x(t) = ————E.. (10.9)
m(a)(z) —w?) "
The dipole moment of an atom is defined as
P
Dy =g, x = 2—62Ex. (10.10)
m(co0 — w?)
In general,
a
=— E (10.11)
P m(a)(z) —w?)

Our next step is to determine the electromagnetic field generated by the oscillating electron charge cloud.
Each atom acts as a current source since the oscillating electron cloud can be imagined as a tiny current
element. One of Maxwell’s equations in the presence of a current source is (Eq. (1.47))

VxH=J+eO%. (10.12)

Consider an incremental volume dV = Adx of an atomic system as shown in Fig. 10.2. Using Eq. (10.10), the
current / is given by
j= 94 _ dadx _ 1 dgdp,

= = = — . 10.13
dt dxdt q,dx dt ( )
Let N be the number of atoms per unit volume. The charge in volume dV is
dg =q,NdV = q,N Adx (10.14)
or
dq
— =¢q,NA. 10.15
I e ( )
Using Eq. (10.15) in Eq. (10.13), we obtain
dp
I =NA—. 10.16
0 ( )
Since J, = I/A, we obtain
7 =N (10.17)
i o .
In general,
dp
=N—. 10.18
J — ( )
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| Area A

Figure 10.2 A slice of atomic system consisting of NV atoms per unit volume.

If we define P = Np as the polarization, Eq. (10.18) can be written as

dP
=—. 10.19
J=— ( )
From Eq. (10.11), it follows that
Ng;
=— "¢ (10.20)
m(wg —w?)
Polarization is directly proportional to electric field intensity, and is often written as
P=¢,7VE, (10.21)

where €,V is known as the first-order susceptibilty or linear susceptibility. Comparing Egs. (10.20) and
(10.21), we find

N. 2
40 = e ) (10.22)
m(a)g — w?)ey
Substituting Eq. (10.19) in Eq. (10.12), we find
d(egE +P
vxH = L&E+P) (10.23)
ot
If we define the electric flux density D as
D =¢)E+P, (10.24)
Eq. (10.23) becomes
VxH= %, (10.25)

which is the same as Maxwell’s equation in a medium (Eq. (1.51)) in the absence of current source. In fact,
the induced current and charge due to applied electromagnetic field are taken into account by using electric
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flux density D instead of €yE in Maxwell’s equations for free space. Substituting Eq. (10.21) in Eq. (10.24),
we obtain
D=¢[1+7"]E (10.26)

In Section 1.2, we defined the electric flux density as
D = ¢y¢,E. (10.27)

Therefore, the relative permittivity is
e, =1+ 1. (10.28)

Since the relative permittivity and refractive index are related by n? = ¢,, we obtain the result

Ng?

nz:1+)((l):l+—2 .
mey(wy — ?)

(10.29)

From Eq. (10.29), we see that the refractive index is dependent on the frequency of the incident electromag-
netic signal. This is known as chromatic dispersion. In free space, n = 1 for all frequencies and the medium
is not dispersive. In a dispersive medium, suppose w < @,. As w increases (with w < @), the denominator
of Eq. (10.29) decreases and the refractive index increases with frequency. This explains why a prism bends
light more at the violet end than the red end of the visible spectrum.

10.2.1 Absorption and Amplification

From Eq. (10.9), when @, = w, we see that the displacement becomes infinite, which is unphysical. This
is because we ignored the loss effects. The situation is similar to that of an oscillating simple pendulum in
which the oscillations decrease with time due to frictional forces that carry away the energy. In the case of
an electron cloud, its vibration leads to the generation of electromagnetic waves that carry away the energy
and as a result, the vibration is damped. There are also other reasons for the dissipation of energy, such as
collision between atoms. Mathematical modeling of the vibrating electron cloud should include a damping

force of the form
dx

E )
to account for energy dissipation. Here, r is the damping coefficient. When this force is included, the equation
of motion (Eq. (10.5)) is modified as

Fomp = =T (10.30)

d’>x  dx
mﬁ + }’E +Kx=g¢q,E,,
Assuming that the applied electric field intensity is of the form given by Eq. (10.6) and proceeding as before,
the expression for the displacement is

(10.31)

E
e . (10.32)
m(a)g —w? —irw/m)

x() =

Using Eq. (10.32), the polarization becomes

N¢’E
P= (10.33)
m(a)g - w? —irw/m)
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and

N. 2
=14 de (10.34)

m(w(z) — w? —irw/m)

=(n, + in,)*, (10.35)

where n, = Re(n) and n; = Im(n). From Eq. (10.34), we see that the refractive index becomes complex in the
presence of damping force. The forward-propagating plane wave solution takes the form (Eq. (1.95))

E = Eyexp[—az/2 —i(wt — wn,z/c)], (10.36)

where
2wn;

(10.37)

o=
c
When atoms absorb electromagnetic energy (which is used to increase the internal energy of the atomic
system), @ > 0 and the incident electromagnetic signal is attenuated. If the atoms transfer energy to the elec-
tromagnetic signal due to a mechanism such as stimulated emission (see Chapter 3), @ becomes negative and
the incident electromagnetic signal is amplified.

10.2.2  Nonlinear Susceptibility

So far we have assumed that the restoration force is proportional to the displacement of the electron cloud
(Eq. (10.2)), which leads to harmonic oscillation of the electron cloud when the incident electromagnetic
field is harmonic (Eq. (10.6)). This holds true when the incident field is weak. As the incident electromag-
netic field becomes intense, the assumption of the linear dependence of the restoration force on displacement
breaks down and in this case, electron cloud oscillation is not harmonic. As a result, the generated electro-
magnetic field is also not harmonic. When the incident electromagnetic field is weak, we have found that
polarization is directly proportional to incident electric field intensity (Eq. (10.21)),

P = ¢, VE. (10.38)

If the medium is not isotropic, the susceptibility depends on direction as well and Eq. (10.38) is modified as
—_ M (C)) 1 s

Pi=y, Ec+ 2, Ey+ 2 E J=x).2 (10.39)

or
P=¢,x" E. (10.40)

Here, %! is a 3 x 3 matrix and . denotes matrix multiplication. However, as the incident field becomes strong,
the linear dependence does not hold true and P becomes a function of E. In general, P can be expanded in
terms of increasing powers of E,

P=cx" -E+¢x? : EE+¢yx¥:EEE + ..., (10.41)

where %" is the jth-order susceptibility and is a tensor of rank j+ 1. The first-order susceptibility (" is
related to the linear refractive index (Eq. (10.29)). The second-order susceptibility x® is responsible for
second harmonic generation; if the incident optical wave is sinusoidal of frequency w, a new optical wave of
frequency 2w is generated. Anharmonic oscillation of the electron cloud due to intense electromagnetic field
can be expanded as a Fourier series with frequency components w, 2w, ... , nw, and electron cloud oscillations
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at frequency 2w lead to the generation of an electromagnetic wave at 2w. Crystals such as quarts have no center
of symmetry and, therefore, they have a nonzero % coefficient. In the case of optical glass fibers, SiO,
(silica) is a symmetric molecule and x® is zero. Therefore, second harmonic generation does not normally
occur in optical fibers. The third-order susceptibility %® is responsible for third harmonic generation and the
Kerr effect.

Suppose the incident electromagnetic field has only E, and H, components. For a centrally symmetric
dielectric material, the tensor equation (10.41) can be simplified to obtain

P, = e W E, + o xonE2, (10.42)

where xgx is a component of the fourth-rank tensor . Suppose the incident optical field is a monochro-
matic wave,
E, = E,exp (—iwt). (10.43)

To find Efc, as pointed out in Section 1.6.2, we should first take the real part of E,,
1 . " .
Re[E, ] = 3 [Ej exp (—iwt) + E exp (iw)], (10.44)

{(Re[E, ]} = %{Eg exp (=3iot) + E;* exp (Biot)
+3|Ey|*[Ey exp (—iwt) + E} exp (io1)]}. (10.45)

From Eqs. (10.42) and (10.45), we find that the incident field oscillating at frequency w leads to a component
of polarization oscillating at frequency 3w, which is responsible for third harmonic generation. The electro-
magnetic wave at frequency 3w becomes significant only when special phase-matching techniques are used.
Otherwise, the component of polarization at frequency 3w can be ignored. Hence, we ignore the first two
terms on the right-hand side of Eq. (10.45).

Let the polarization at frequency @ be

P = Pyexp (—iot), (10.46)
Re[P,]= %[PO exp (—iwt) + Pé exp (iwt)]. (10.47)

From Eq. (10.42), we have
Re[P,] = o VRe[E,] + €, 7 Re[E, I, (10.48)

where the imaginary parts of the susceptibility are ignored. Substituting Eqs. (10.44) and (10.45) into
Eq. (10.48), collecting the terms that are proportional to exp (—iwt), and comparing it with Eq. (10.47), we
obtain

3|E,
! ol @
Py =€ <)()Ex) + u)(;;wix) Ey = €y xeitEos (10.49)

where y.g is the effective susceptibility that includes both linear and nonlinear susceptibilities. From Eq.

(10.29), in the absence of nonlinearity, we have n? = 1 + ;{;,?. Now, we modify it as

2 - 3lE s
=1 = 1+ (10.50)
3|E,|?
=n+ |4°| 29 (10.51)
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where n, is the linear refractive index and the second term of Eq. (10.51) represents the nonlinear contribution
to the refractive index. Typically, the nonlinear part of the refractive index is much smaller than the linear part.

From Eq. (10.51), we have
2 172
_ 3|EO| 3)
n=ng I+ —z)fxxxx
4n0

= 1o + 1y | Eg|?, (10.52)

where 3){(3)
n, = 22X (10.53)

8ny

is called the Kerr coefficient. In Eq. (10.52), we have used the following approximation:
A+0"?~14+x/2, if x<1, (10.54)

which is valid since the nonlinear part of the refractive index is much smaller than its linear part. From
Eq. (10.52), we see that the change in refractive index (n — ny) is directly proportional to the optical intensity
|E,|?. This effect is called the Kerr effect.

For silica, n, ~ 3 x 1072°m?/W. If a light beam of intensity 1 W/m? is incident on silica media of
cross-sectional area 1 m2, the change in refractive index is 3 X 10720, which is very small. However, silica
fiber has an effective cross-sectional area of 100 um? or less, and the change in refractive index due to the
Kerr effect is comparable with the variations in refractive index due to dispersion, leading to interesting
nonlinear phenomena such as soliton formation.

10.3 Fiber Dispersion

As mentioned in Chapter 2, a pulse propagating in a fiber broadens due to fiber dispersion. When the fiber
nonlinear effects are ignored, the complex field envelope in a field is given by Eqgs. (2.119) and (2.107) as

i(®,2) = (o, O)e—az/2+iﬂ] wz+iﬁ2wzz/2. (10.55)

Differentiating Eq. (10.55) with respect to z, we find

a~ s
1©2) _ -w.2) (—5 +ifyo+ iﬁ2w2> . (10.56)
0z 2
Since "t )
P (=), 2)} = —2, (10.57)
ort
taking the inverse Fourier transform of Eq. (10.56), we find
09(t,2) _ « 0q(t,2)  if, 9%q(t,2)
=——q(t,2) — - — . 10.58
0z PR AR B PR MY (1058)

As mentioned in Chapter 2, the term exp (if; wz) of Eq. (10.55) introduces a constant time shift due to propa-
gation and it could be dropped as we are primarily interested in assessing the quality of the signal at the fiber
output. Let

Z=z (10.59)
T=1-pz (10.60)
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Note that (¢, z) are the coordinates of an optical impulse with the origin (0, 0) at the transmitter. If a receiver
is placed at Z = z, T denotes the time at the receiver if the receiver clock is shifted from the transmitter clock
by the time of flight f,z. Since Z and T are functions of z and ¢, we have

aT oT
- =1, === 10.61
Frimii B (10.61)
0Z 0z

==0, ==1, 10.62
ot 0z ( )

04 _ 040z  0q 01
dz 0Z oz 0T oz
_ 9%
=
04 _0q0z g0

ot dZ at T ot
_ 9

dq
L+ (=), (10.63)

= 1, 10.64
oT ( )
Pq_0 (94)0z 0 (94T
o2 0z \ot) or  oT \oT ) ot
0%q
=—. 10.65
372 ( )
Substituting Eqgs. (10.63)—(10.65) in Eq. (10.58), we find
oq(T,Z)  oq(T,Z) —a 0q(T,Z) B, 0*q(T.2)
—B)= —(T.7Z) — =t
or 5
d d j
;04 _Po%q _ _iag (10.66)

0Z 2972 2

Eq. (10.66) describes the propagation of the optical field envelope in a fiber when the nonlinear effects are
ignored. Eq. (10.66) is equivalent to Eq. (10.56). For a Gaussian input, the output electric field envelope is
given by Eq. (2.158),

q(T,2) = \/I:?To exp <—%> , (10.67)
T, =(Tg - if,2)'/2. (10.68)
Let
T, = |T;| exp (i6,). (10.69)
where
T, 1* = (Ty + 532 /2, (10.70)
0, =—%tan_1 (%) (10.71)
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Eq. (10.67) may be rewritten as

q(T,Z) = A(Z, T)e" T2

\/P,T, T2 (T? +ip,Z
=X 2 0%p _FI+inz) , (10.72)
|T, e ATy + B527)
AT, Z) VFoTo ik (10.73)
, = [).¢ _— .
i | (i g |
0(T,Z) = —0,(2) P2 (10.74)
’ == 1 - ﬁ? .
2T + p222)
The instantaneous power is
P(T,Z) = AXT,Z) = Pl T (10.75)
, exp |— , .
7,12 VN
and the instantaneous frequency is (see Eq. (2.165))
Tp,Z
seo(T) = — 22 - _ThZ (10.76)

oT (T + B32%)

The negative sign is chosen because the carrier wave is exp (—iwyt). The actual instantaneous frequency is
Wy + ow.

The instantaneous power P(T, Z) and instantaneous frequency 6w are plotted in Fig. 2.32 for an anomalous
dispersion fiber (f, < 0). From Eq. (10.76) and Fig. 10.3, when f, < 0, we see that near the leading edge
(T < 0) éw is positive (blue shift) whereas it is negative (red shift) near the trailing edge (7T > 0). These
changes in frequency occur continuously as the signal propagates down the fiber. Since the blue components
travel faster than the red components in the anomalous dispersion fiber, the frequency components near the
leading edge arrive early and the frequency components near the trailing edge arrive late. This explains why
the pulse is broadened at the fiber output. For a fiber with normal dispersion, the situation is exactly opposite.

10.4 Nonlinear Schrodinger Equation

Owing to the Kerr effect, an optical signal undergoes a phase shift that is proportional to the signal power as
given by Eq. (10.52). If this nonlinear effect is included, Eq. (10.58) is modified as (see Appendix B)

99 P, 9 aq
74 =—i— 10.77
<az ﬂ]at> SR vlal*q = i (10.77)
where y is the nonlinear coefficient related to the Kerr coefficient n, by (Appendix B)
Ny,
=29 (10.78)
CAefe

where A is the effective area of the fiber mode. Using the frame of reference that moves with the group
speed of the pulse,
T=1-pz (10.79)

Z=z, (10.80)
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Figure 10.3 The electric field distribution at the fiber output. The broken line shows the field envelope and the rapid
oscillation shows the actual field. f, < 0.

Eq. (10.77) becomes

92
i————+y|q|2q=—ia—. (10.81)

Eq. (10.81) is known as the nonlinear Schrodinger equation (NLSE); it is of significant importance in mod-
eling fiber-optic transmission systems and can not be solved analytically for arbitrary inputs. Numerical
techniques such as the split-step Fourier scheme (SSFS) are used to solve the NLSE (see Chapter 11).

Example 10.1

The Kerr coefficient of a single-mode fiber is 2.5 x 10720 m? /W. Its effective area is 80 pm?. Find the non-
linear coefficient y at the wavelength 1550 nm.

Solution:
From Eq. (10.78), we have

n,w, ny2xnfy,  2mn,

= = = , (10.82)
CAef CAegr AoAcsr
y = 27 X 2.5% 10720 1 -1
1550 x 10=2 x 80 x 10~12
=126x102W'm™. (10.83)
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10.5 Self-Phase Modulation

To find the impact of fiber nonlinearity acting alone, let us ignore f,. To solve Eq. (10.81) under this condition,
we separate the amplitude and phase, _
g =Ae". (10.84)

Substituting Eq. (10.84) into Eq. (10.81), we find

.[0A .00 2 .a]
— +i—A|=—-|yA = | A. 10.85
l[az+laz ] [y 13 (10.85)
Separating real and imaginary parts, we obtain
0A a
— =-=A 10.86
0Z 2 ( )
or
A(T,Z) = A(T,0)exp (—aZ/2), (10.87)
% = yAX(T,Z) = yAX(T,0)e™*%. (10.88)

Let the fiber length be L. Integrating Eq. (10.88) from O to L, we obtain

L
O(T,L) = 6(T, 0) + yA*(T, 0) / e~ %dz
0

=0(T,0) + yA* (T, 0)Leg, (10.89)
where
1 —exp (—al
Log = 1—exp(zal) (10.90)
a

Substituting Egs. (10.87) and (10.89) into Eq. (10.84), we find

q(T,L) = A(T, L)e" ™D

= A(T, 0) o~ L/2 ei[O(T,O)+yAz(T,O)LCff]
= ¢(T, 0)e~oL/2+irlaTO Lesr (10.91)

where ‘
q(T,0) = A(T, 0)eT0), (10.92)

Here, |¢(T, 0)|? represents the instantaneous power at the input. Since the phase of the optical signal is mod-
ulated by its own power distribution, this effect is known as self-phase modulation (SPM). From Eq. (10.91),
we find that

l4(T, )] = 14(T. 0)]e™*/2. (10.93)

So, the amplitude of the signal decreases exponentially with distance, but the pulse width at the fiber output
remains the same as that at the fiber input. However, the spectral width at the output is larger than that at the
input. This is because the nonlinear mixing of the input frequency components due to SPM generates new
frequency components. Using Eq. (10.89), the instantaneous frequency at L is

_dO(T,L) _ do(T,0)
dr dT

d|q(T,0))?

sa(T,L) = -

yLef-f
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Figure 10.4 Power and instantaneous frequency at the fiber output.
Suppose the input field envelope is given by
q(T,0) = VPexp (-T%/2T2). (10.94)
The instantaneous frequency at L is
2yPL T 2
s(T) = 1 exp <—T—2> . (10.95)
h h

The instantaneous power and frequency at the fiber output are shown in Fig. 10.4. The instantaneous frequency
is negative (or less than the carrier frequency) near the leading edge, whereas it is positive near the trailing
edge. In other words, it is down-shifted in frequency (red shift) near the leading edge and up-shifted (blue
shift) near the trailing edge, as shown in Fig. 10.5.

Example 10.2

In a 1000-km fiber-optic link, it is desired that the peak nonlinear phase shift accumulated over the link
should be less than 0.5 rad. The system has the following parameters: loss coefficient a = 0.046 km™"', ampli-
fier spacing = 100 km, Kerr coefficient n, = 2.5 X 1072 m? /W, 4, = 1550 nm, and peak power at the fiber
input= 0 dBm. Find the lower limit on the effective area of the fiber. Ignore f,.

Solution:
The peak nonlinear phase shift accumulated over a single span is given by Eq. (10.91),

ONL = VLegrPpeak (10.96)
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where Py, is the peak power and

Red shift

!

Electrical field (arb. units)

/> Blue shift

Figure 10.5

1 —exp(—aL)
Leff = 7’

a=0.046km™",
L =100 km.
Lo = 21.52km.
total length
amp. spacing
_ 1000 km

" 100km
=10.

No. of spans =

Total nonlinear phase shift = 10 @y .

P (dBm) = 0dBm,
Ppea_k = 10Ppeak(dBm)/10 mw
=1 mW,

10 PNL < 05,
10xy x21.52x10°x 1 x 1073 < 0.5,
y<232x103 W Im™.

www.EngineeringEBooksPdf.com

Instantaneous electric field at the fiber output.

Time

(10.97)

(10.98)
(10.99)
(10.100)

(10.101)

(10.102)
(10.103)

(10.104)

(10.105)



Nonlinear Effects in Fibers 433

From Eq. (10.78), we have

Ny 27[”2

= = <232x10°3 W m™, (10.106)
At AoAesr
2
Agg> ——2 2, (10.107)
Ag X 2.32%x 1073
Ay > 43.61 pm?. (10.108)

The effective area should be greater than 43.61 um? to have the peak nonlinear phase shift less than or equal
to 0.5 rad.

10.6 Combined Effect of Dispersion and SPM

First let us consider the case of a normal dispersion fiber. Fig. 10.6(a) shows the optical field at the fiber input.
Owing to SPM acting down, the instantaneous frequency near the trailing edge is higher than that near the
leading edge (see Fig. 10.5). Since the high-frequency (blue) components travel slower than the low-frequency
(red) components in a normal dispersion fiber, the trailing edge arrives late while the leading edge arrives early
at the fiber output. In other words, the combined effect of SPM and normal dispersion is to cause the pulse
broadening as shown in Fig. 10.6(b).

Next, let us consider the case of anomalous dispersion. Owing to SPM acting alone (see Fig. 10.5), the
leading edge is red-shifted (lower frequency) while the trailing edge is blue-shifted (higher frequency). Since
the high-frequency components travel faster than the low-frequency components in an anomalous disper-
sion fiber, the trailing edge arrives early whereas the leading edge arrives later, causing pulse compression.
Comparing Figs. 10.3 and 10.5, we see that the instantaneous frequency due to SPM and that due to anoma-
lous dispersion are of opposite sign. For a specific pulse shape and power level, we might expect that these
frequency shifts cancel exactly. Under this condition, the instantaneous frequency (relative to the carrier fre-
quency) across the pulse is zero (or a constant) and therefore, all parts of the pulse travel at the same speed,

| | 0.1 — | | I
0.2 0.08 |- i -
5 015 Z 006 Red shift Blue shift |
5 0l 5 004 r
5 005 £ o ‘“,m
~ ~ |
= =
E 0 e 0 I‘
= -0.05 = -0.02 !
2 = .
s 01 5 004 .
k> 2 |
= _0.15 m -0.06
ook -0.08 |- : .
| | | | | 0.1 | | | i | | |
300 -200 -100 0 100 200 300 ~1500 —1000 =500 0 500 1000 1500
Time, T (ps) Time, T (ps)

(a) (b)

Figure 10.6 Electric field intensity at (a) fiber input and (b) fiber output. g, > 0.
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Figure 10.7 Electric field intensity of a soliton. Solid and broken lines show the carrier and the field envelope,
respectively.

which implies that there is no change in pulse shape as it propagates down the fiber. Such a pulse is called a
soliton. A pulse can be called a soliton if and only if (i) it preserves its shape and (ii) when it collides with
another soliton or a pulse it comes out unscathed except for a phase shift. In this sense, the soliton mimics the
massive particles. The broken line in Fig. 10.7 shows the field envelope corresponding to a soliton. This pulse
shape does not change as the pulse propagates down a loss-less fiber. The instantaneous frequency across the
pulse remains constant as a function of 7" as well as Z.

A soliton is a normal mode of a special class of nonlinear systems which can be integrated by means of an
inverse scattering transform (IST) [2—6]. IST plays the role of a Fourier transform in a nonlinear system, and
sometimes it is called the nonlinear Fourier transform. The NLS equation is solved using an inverse scattering
transform to obtain soliton and breather solutions. The breathers or higher-order solitons undergo periodic
compression and expansion with a period which is known as the soliton period, whereas the fundamental
soliton propagates without any change in shape.

Even though the existence of optical solitons in fibers was theoretically predicted in 1973 [7], the exper-
imental verification only appeared in the early 1980s [8§—10]. The analytical expression for the pulse shape
of a fundamental soliton can be calculated easily from the loss-less NLS equation without using an inverse
scattering transform. The phase of an optical soliton can change with propagation distance. Therefore, we
look for a solution of the form

q = g(T)exp [i0(2)]. (10.109)

When a = 0, substituting Eq. (10.109) into Eq. (10.81), we obtain

where k = df/dZ. If k changes with T, this would imply that the instantaneous frequency is not a constant
and could lead to pulse broadening or compression. However, for the fundamental soliton, the pulse shape
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should not change as a function of Z and hence, we set k to be a constant. To solve Eq. (10.110), we multiply
Eq. (10.110) by dg/dT and integrate from —oo to T to obtain

T T T
dg Ba d°g dg / 3 dg

—k —2ar -2 —S=2ar 4T = C, 10.111
/_oong 2 /_oo arzar® TV Sar (10.111)

2 4

, Bfdg Y8
_xo2_2( 98 s _ 10.112
ks 4<dT> T =6 (10.112)

where C is the constant of integration. To obtain Eq. (10.112), we have assumed that g(+c0) = 0. When
p, <0, Eq. (10.112) can be rewritten as

d 41172
dg _ 2 [c+kg2—ﬁ] (10.113)

dT_\/__ﬁz 4

T
/g dg _ = 2 / dT. (10.114)
80 [ \=p Jo

/
2 784
C+kg?— & ]

or

where g, = g(0). Using the table of integrals [11], Eq. (10.114) can be solved to give

n nT
g(T) = —sech( ) (10.115)
\/7 vV —p,

where n = 1/2k. Therefore, the total solution is

T
g= isech< i >exp (inPZ)2). (10.116)
\/; Vb
The above solution represents a fundamental soliton that propagates without any change in pulse shape. It
acquires a phase shift due to propagation that is proportional to the square of the amplitude.

Example 10.3

The FWHM of a fundamental soliton is 50 ps. Fiber dispersion coefficient §, = —21 ps?>/km, and nonlinear
coefficient y = 1.1 W~! km™'. Calculate the peak power required to form a soliton. Ignore fiber loss.

Solution:
From Eq. (10.116), we have

2 T
P() = |g)* = T sech? <"—> (10.117)
4 —p,
Let 112

— = Preaks (10.118)

Y

V=t _ 1., (10.119)
n
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P(t) = Py sech’ <T10> : (10.120)
From Fig. 10.8, at t = T},, we find

P(T},) = 0.5P oy
= Pyegsech’ <%) , (10.121)
sech <%> = /0.5, (10.122)

T,=T, sech™'(1/0.5)
=0.8813 T, (10.123)
Tewam = 2T, = 1.763T,, (10.124)
T, = Sl ps = 28.37 ps. (10.125)
1.763

Note that the peak power is proportional to #> and the pulse width (FWHM) is inversely proportional to #.
Thus, for a soliton, as the peak power increases, its pulse width decreases.
From Eq. (10.119), we have

—p, V21 x107%7

= =51%x102m™/2, (10.126)
T, 28.37 x 1012

}’l:

From Eq. (10.118), we find

_ 7 (5.1x107%)
peak ™y T 11X 1073
=4.6mW. (10.127)

P

Figure 10.8 FWHM of a soliton pulse.
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10.7 Interchannel Nonlinear Effects

So far we have considered the modulation of a single optical carrier. In a wavelength-division multiplexing
system (see Chapter 9), multiple carriers are modulated by electrical data and, in this case, the nonlinear
Schrodinger equation is valid if the total spectral width is much smaller than the reference carrier frequency.
Typically, the spectral width of a WDM signal is about 3 to 4 THz, which is much smaller than the carrier
frequency of 194 THz corresponding to the center of the erbium window. The total optical field may be

written as
N/2-1

W= Y g 2e ), (10.128)
n=—N/2

where w, and g,,(t, z) are the carrier frequency and the slowly varying envelope of the nth channel, respectively,
and N is the number of channels. Eq. (10.128) may be rewritten as

Y = ge@0=ho2), (10.129)
where
N/2—1
a= Y, q,(t2)e W= (10.130)
n=-N/2

and Q, = w, — w, is the relative center frequency of channel n with respect to a reference frequency w,,
which is usually chosen equal to the center of the signal spectrum (see Fig. 10.9); 6, = p, — f, is the relative
propagation constant.

When the total spectral width Aw < w,, the slowly varying envelope can be described by the NLSE,
Eq. (10.77). Substituting Eq. (10.130) in Eq. (10.77), we obtain

. aqn . aqn B 2 . d ()2 - —i0
2 {’a_z = 0,4, b1+ Q,B1q, — F |- — 2iQ, = + ﬁ] q, + lEqn} e~ n
n

N/2-1 ~ON/2-1 ~N/2-1 '
+r X g Y g% Y gre =0, (10.131)
j=—N/2 k==N/2 I==N/2
where
0,(z.1) = Q1 — 8z (10.132)

To obtain the last term of Eq. (10.131), we have used |g|>g = gqq*. When the spectral width Aew is large
and/or the dispersion slope is high, third- and higher-order dispersion terms may have to be included in

¢ Aor2 Awr2 >
: /\ L] - a ‘ - L] - ‘
: : . ' -

wo+ Q. [on wy+ Q) Frequency

Figure 10.9 The spectrum of a WDM signal.
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Eq. (10.131). From the last term on the left-hand side of Eq. (10.131), we see that nonlinear effects in the fiber
generate frequency components of the form Q; + &, — €. For a frequency band centered around £,,, the only
frequency components that are of importance are €2; + € — €; = Q, . All the other frequency components
generated through fiber nonlinearity have no effect on the frequency band centered around ,. Therefore,
collecting all the terms that oscillate at frequency €, and noticing that

ﬂz

=2, 10.133
+3 ( )

B, =P+ BiL,

we obtain
N/2-1 N/2-1 N/2-1

z z Z ql'qkq;‘emﬂﬂd"z = _iﬂqn (10.134)
Jj==N/2k==N/21=-N/2

aqn] _ B %q,

.o J
Ho T Bi+d) 50 =55

where
dy = o2, (10.135)
ABin = B+ By — By — By (10.136)
Q,=9+Q,-9Q. (10.137)

If j = k = [ = n, the last term on the left-hand side is |g, |*q,, which represents SPM. If j = n and k = [ # j,
the corresponding term in the summation is |g,|?g,, which represents cross-phase modulation (XPM). All
other terms in the above summation represent four-wave mixing (FWM).

As before, using a reference frame that moves at the group speed of the reference channel at @),

T=t-pz (10.138)
Z=z (10.139)

we find

OQn ﬁz () qn
n aT 2 912

| N/2 N/2-1 N/2-1 N/2-1

9.Pa, +2 Y, lalPa,+ Y, Y Y, qagetin” (10.140)
k——N/ 2 j=—N/2k=—N/2 I=—N/2
ke#n Jrk—l=n
XPM FWM

10.7.1 Cross-Phase Modulation

In this section, we focus on XPM by ignoring the FWM terms of Eq. (10.140). The nonlinear interaction due
to SPM and XPM is described by

N/2-1
. aqn aqn ﬂZ ann 2 2 a
(G rady) 35 er{afas2 3 lafe =50, (044D

k=—N/2
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Here, d, denotes the difference between the inverse group speed of channel n and f,,
d, = pQ,. (10.142)
When the bandwidth of the WDM and/or the dispersion slope is large, d, should be modified as

d, = (@) +Q,) — B()

2

= Q2 - p(w
do |p=w, " 2 do? |p=w, Prieo)

=p,Q, + %92 (10.143)

In Section 10.7.1.1, the XPM-induced timing shift is discussed qualitatively. In Section 10.7.1.2, a simple
analytical expression for the XPM efficiency is obtained and the impact of XPM on transmission performance
is covered in Section 10.7.1.3.

10.7.1.1 Timing Shift Due to XPM

Let us consider a two-channel WDM system described by Eq. (10.141) with N =2. Owing to the Kerr effect,
two propagating pulses with different wavelengths induce a nonlinear phase shift on each other. This phase
shift is time-dependent and, therefore, the instantaneous frequency across a pulse in a channel is modified. In
a dispersive fiber, this frequency shift is translated into a timing shift since different frequency components
propagate at different speeds.

Fig. 10.10 shows two WDM channel inputs. A single pulse is launched at symbol slot O in each channel, and
initially the pulses are aligned. We assume that the fiber dispersion is anomalous (f, = —10 ps?>/km) and the
center wavelength of channel 2 is longer than that of channel 1, so channel 2 propagates slower than channel
1. Our reference frame is fixed to channel 1 and the pulse in channel 2 moves with the inverse walk-off speed
of d, = §,€ (ignoring f5) relative to channel 1, where € is the channel spacing. Fig. 10.11 shows the pulses
of channels at the end of a L = 80km span. As can be seen, due to the different channel speeds, channel 1
walked off channel 2. The pulse separation at the end of the span is given by

AT = d,L = 250 ps. (10.144)

Fig. 10.12 shows the pulse shape of channel 1 at the end of the fiber for three different cases. (1) Lin-
ear case (Lin): y = 0W~!km™!, which shows the linear response of the fiber-optics system. (2) SPM case
(Lin+SPM): channel 2 is turned off. (3) XPM case (Lin+SPM+XPM): both channels are present. Since
anomalous dispersion was assumed, in the presence of nonlinearity (Lin+SPM), the output pulse width is
narrower compared with the linear case (Lin). From Fig. 10.12, it can also be seen that when both channels
are present (Lin+SPM+XPM), the center of the pulse has moved to the right. As the fast channel (channel 1)
walks off, it induces the phase modulation on the slower channel (channel 2), and vice versa. In Fig. 10.10,
the pulses are initially aligned and during the propagation, the leading edge of the slow channel overlaps
with the trailing edge of the fast channel. The slope is positive at the leading edge of the pulse in channel
2. This leads to a negative instantaneous frequency shift of the pulse in channel 1 (see Eq. (10.167)) or, in
other words, channel 1 is red-shifted. Since red-shifted components travel slowly in an anomalous dispersion
fiber, the pulse of channel 1 arrives late or, in other words, there is a timing shift due to XPM (Fig. 10.12).
Since this timing shift is bit-pattern dependent, it leads to timing jitter in soliton systems [12, 13]. The timing
fluctuations leads to amplitude fluctuations of the signal samples used for decision and, hence, performance
degradations (see Section 10.7.1.3).
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Figure 10.10  Inputpulses for channels 1 and 2. The following parameters were assumed: P, = 8 mW, Ty = 50 ps,
channel spacing = 50 GHz, f, = —10 ps*/km, f, = 0ps’/km, y = 2.43 W~"km™", fiber loss = 0.2 dB/km, and span length

80 km.
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Output pulses for channels 1 and 2. Parameters are the same as those of Fig. 10.10.
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Figure 10.12 Channel 1 output pulse when (1) Lin: y = O W~! km™, (2) Lin+SPM: no pulse presents in channel 2, and
(3) Lin+SPM+XPM: both channels are present. Parameters are the same as those of Fig. 10.10.

10.7.1.2 XPM Efficiency

To see the impact of XPM, let us first ignore the pulse broadening due to dispersion and consider only two
channels—pump and signal. Let the central frequency of the signal channel be the same as the reference
frequency w, so that d,, for the signal is zero. We further assume that the pump is much stronger than the
signal, i.e., qul2 >> |g,|?. With these assumptions and approximations, Eq. (10.141) becomes

aqs . 2
=2 = <—1§ —~2ylg,| )qs, (10.145)
(949 9q, . )
’<E+dﬂﬁ> = (~i5 =1l ) 4 (10140
where the subscripts p and s denote pump and signal, respectively, and the walk-off parameter is
Ps
d,=p,Q,+ 7912,; (10.147)

Q, is the frequency separation between the pump and the signal. To solve Eq. (10.146), we use the following
transformation:

T"=T-4d,z, (10.148)
7' =2, (10.149)
to obtain 94, y i
lﬁ = (—15 =7lg,l )qp. (10.150)
Let
4,(T.2) = q,(T".Z') = A,(T', Z))% T ?". (10.151)

www.EngineeringEBooksPdf.com



442

Fiber Optic Communications

Substituting Eq. (10.151) in Eq. (10.150), we find

0A 00
P P _ N4 2
<’ﬁ B ﬁAﬂ> = (-5 - r43) A,

Separating the real and imaginary parts, we obtain

or

0A,(T'.Z)
P __« !t
—oz - A
AT, Z)) = AT, 0)e 7 2,
96,(T".Z)

o = AT 0

Integrating Eq. (10.155) from 0 to Z’, we find

where

Z/
0,(T".Z") = 0,(T",0) = yAXT',0) / o7 g7
0
= yAy(T',0)Lggp(a, Z')

— e

1
Lgpp(a, x) =

Substituting Egs. (10.154) and (10.156) in Eq. (10.151), we find

il 4 2(7! !
q,(T'.Z') = A, (1", 0)e~% 1210y 01 Olerr(@ 20l

i A2(T! N
=q,(T', 0)e!r 4T Olere(@Z)=aZ! 2.

Using Eqgs. (10.148) and (10.149), Eq. (10.158) can be rewritten as

Qp(T, Z) = Qp(T,, Z/) = qp(T - de, 0)€_az/zeiy|qﬂ(T_de’0)|2LEFF(ILZ)-

Similarly, Eq. (10.145) can be solved by setting

_ i0,.
qs = Ase ’

Substituting Eq. (10.160) in Eq. (10.145) and proceeding as before, we find

A(T,Z) = A(T,0)e~*4/*

dgs—zl (T,2))
dZ - yc]p B

=2ylq,(T - d,Z,0)|*e™**

Z
0,(T,2) = 0,(T,0) + 2y / 14,(T — d,Z,0)e™dz,
0

q,(T,Z) = q,(T,0)e~ 2/ +itxemT'2).
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Z
by (T>Z) = 2y / lq,(T —d,Z.,0)|*e**dZ, (10.165)
0

P(T.Z) = |q(T,2)|* = P(T,0)e % (10.166)

As in the case of SPM, the pulse width of the signal remains unchanged during propagation since we have
ignored dispersion. However, as can be seen from Eq. (10.165), the phase of the signal is modulated by the
pump. Hence, this is known as cross-phase modulation. The instantaneous frequency shift of the signal due
to XPM is

(10.167)

0 Z 91q,(T - d,Z,0)|*
Swypy = _% - _27,/0 P an 247

When the pump is sinusoidally modulated, its field envelope at the fiber input may be written as
q,(T,0) = /P, cos (QT), (10.168)
|q,(T — d,Z,0)|* = P,ycos” [UT — d,Z)]
Ppo
= {1+ cos [2€(T — d,2)]}. (10.169)

Substituting Eq. (10.169) in Eq. (10.165), we find

L
dxem(T. L) = 7Py /O {1+ cos 2T - d,Z)]}e~*%dZ

L
=P Lo+ YPyoRe { / e~ RT-4,2) 47 } , (10.170)
0
where | (o)
— X -
Leff:$' (10.171)
a

The first term on the right-hand side of Eq. (10.170) is the constant phase shift due to XPM, which is of no
importance. The second term denotes the time-dependent phase shift, which could potentially degrade the
performance. Ignoring the first term, Eq. (10.170) can be simplified as follows [14]:

1 —exp [— ((x + iZde)L]] }

o+ i2de

dxpm(T. L) = yPRe {e’mT l

where nypy; 1 the XPM efficiency given by

(10.173)

2 4sin” (Qd,L) et
Nxpm(2) = z ll g >

o2 + 4Q2d> (1= oLy

e~Lsin (2Qd L 2Qd
6 = tan™! { (204,L) }—tan_]{ "}. (10.174)

1 — el cos (2Qd,L) a

When the walk-off parameter d, = 0 or the modulation frequency €2 = 0, the XPM efficiency is maximum.
From Eq. (10.173), we find that nxpy; = 1 for this case. As the walk-off increases, the interaction between the
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Figure 10.13 XPM efficiency versus absolute of the walk-off parameter. Parameters: & = 0.046km™", fiber length =
80 km, modulating frequency Q /27 = 5 GHz.

pump and the probe decreases and the XPM efficiency decreases. Fig. 10.13 shows the FWM efficiency as a
function of the absolute walk-off parameter. From Eq. (10.147), we see that as the channel spacing increases,
the walk-off increases and the XPM efficiency decreases. In other words, in a WDM system, the impact of the
XPM due to the nearest-neighbor channels is the greatest. An arbitrary pump may be written as a superposition
of sinusoids of the form given by Eq. (10.168), and the total XPM-induced phase shift can be calculated by
adding terms of the form given by Eq. (10.172) due to each frequency component.

Example 10.4

A pump is sinusoidally modulated with modulating frequency 10 GHz. The fiber-optic system has the follow-
ing parameters: loss coefficient a = 0.046km™", length L = 50 km, dispersion coefficient D = 17 ps/nm-km,
and dispersion slope § = 0.06 ps/nm?/km. The signal wavelength is 1550 nm and the pump wavelength is
1549.6 nm. Calculate the XPM efficiency.

Solution:
From Egs. (2.216) and (2.202), we have )
e R
=s(>—) +p—=—, 10.175
& <27rc> 272¢? ¢ )
A2 10.176
=—-D—, A7
B, e ( )
D=17x10"%s/m?, (10.177)
S =0.06x 10> s/m>, (10.178)

www.EngineeringEBooksPdf.com



Nonlinear Effects in Fibers 445

A=A, =1550x 10~ m, (10.179)
c=3x10"m/s, (10.180)

fy =133x 107403 /m, (10.181)
By = —=2.166 x 1072052 /m. (10.182)

Using Eq. (10.147), the walk-off parameter is given by

d, = p,Q, + ,;37913 (10.183)
Q,=2n(c/4,—c/A)
=3.14 x 10" radss, (10.184)
d,=—6.8x10""s/m. (10.185)
The XPM efficiency is given by Eq. (10.173),
2 4sin® (Qd L) e~k
Nxpm = 22 +0;de§ 1 (1(_ ef‘”‘))2 (10.186)

Modulating frequency = 10'° Hz. So, Q = 27 x 10'° rad/s. Using this value in Eq. (10.186), we find

Nxpy = 3.34 x 1072, (10.187)

10.7.1.3 XPM Impact on System Performance

For intensity-modulated direct detection (IMDD) systems, the phase shift due to XPM does not degrade
the system performance if dispersion is absent. In a dispersive fiber, the frequency components generated
due to XPM travel at different speeds and arrive at different times at the fiber output, leading to amplitude
distortion. In other words, dispersion translates phase modulation (PM) into amplitude modulation (AM).
This is known as PM-to-AM conversion. The degradation due to XPM is one of the dominant impairments in
WDM systems and, hence, it has drawn significant attention [15—21]. The amplitude fluctuations due to XPM
can not be calculated analytically without approximations. In this section, we make a few approximations to
find a closed-form approximation for the amplitude distortion due to XPM. As before, we assume that the
pump is much stronger than the signal, so that the SPM of the probe can be ignored. Distortion of the pump due
to dispersion and nonlinearity is also ignored. While calculating the phase shift due to XPM, fiber dispersion
is ignored but its effect will be included later while converting PM to AM. Let the signal be CW,

Let the pump be the modulated signal,
4,(T,0)= /Py D af(t—nTy), (10.189)
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where {a, } is the data sequence and f(¢) is the pulse shape function. The pump power at the fiber input is
2

P,(T,0) = |q,(T,0)]> = Po| D a,f (t—nT})]| . (10.190)
|g,(T = d,Z,0)* = P(T — d,Z,0). (10.191)
Taking the Fourier transform of Eq. (10.191), we find
F{lq,(T - d,Z,0)]} = P, ()", (10.192)
P (w) = F[P,(T,0)]. (10.193)

The phase shift of the signal due to XPM over a fiber length dZ can be found by differentiating Eq. (10.165)
with respect to Z,
dpxpm(T,Z2) = 2y|q,(T — d,Z, 0)>e~*%dz. (10.194)

Taking the Fourier transform of Eq. (10.194) and using Eq. (10.192), we obtain
ddxpm(@,Z) = 2y P (@)e W% dz. (10.195)

Let us deviate from XPM and consider a different problem. Suppose we have a linear dispersive fiber of
length Z and let the fiber input in the frequency domain be

Gin(@) = Ay e®n(@- (10.196)

The input phase ¢, () is assumed to be small, and A, is a constant. After passing through the dispersive
fiber, the phase fluctuations 6¢;, () lead to amplitude fluctuations 6A(w) at the fiber output given by [22]

Agy(@) = Ay, + 6A(w), (10.197)

- ~ . pho*Z
6A(a))=—Ain¢in(a))sm< 5 ) (10.198)

Now let us return to the phase shift due to XPM. Let dgypy (@, Z,) be the phase shift of the signal due to
XPM at Z,. After passing through the dispersive fiber of length L — Z, where L is the fiber length, this phase
shift leads to an amplitude shift, as shown in Fig. 10.14, [16, 18],

(10.199)

dA (©) = =[Py, dpypy(®,Zy)sin l 5

pra? (L—2Z,) ]
The nonlinear phase shift due to XPM is distributed over the fiber length, with each infinitesimal phase shift
leading to an infinitesimal amplitude shift at the fiber output. Substituting Eq. (10.195) into Eq. (10.199) and
integrating the XPM contributions originating from 0 to L, we obtain [16—18]

5 L , pyw? (L—7Z,
AAg(w) = —2y\/Py / P p(w)e_(a_’“’dﬂ)zo sin (—2 ( 3 ) ) dz,
0

L
_\/PsOpr(a)) / [e~la—iod, ixlZyticd _
i 0

e—ixL—[a—iwdp—ix]Zo]dZO

iy /Py P,(@) { €™ Lggg (@ — iwd, + ix) , L] — e ™™ Lgpg [(a — iood,, — ix), L]},
(10.200)
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XPM phase shift

< L-7, >
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Figure 10.14 Conversion of XPM-induced phase shift into amplitude shift.

where
x = 0’ /2, (10.201)

M. (10.202)

LEFF(a, )C) = a

Since the power modulation of the pump fluctuates as the bit pattern changes, the distortion of the signal due
to XPM, AA (w), changes as a function of the bit pattern. To quantify the magnitude of the XPM distortion,
let us calculate the PSD of the XPM distortion as

A (T)
@ = 1im (A @) (B @)
Pxemt) = 0% T T I T

Xy Pyole™ Lgppl(a — iod,, + ix), L] — €™ Lggg[(a — iod,, — ix), L]|?, (10.203)

where T is the time interval of the bit pattern and

T/2 '
AR () = AA(1)e dr. (10.204)
-T2

As an example, consider an OOK system that uses unipolar NRZ pulses. The pump field envelope may be

written as -
t—n b

4,() = /Py Z a,rect < T

T b

where a,, is a random variable which takes the values O or 1 with equal probability,

t —nT,
P(1) = |qp(t)|2 =P, Z aﬁrect <Tb> . (10.206)

> ) (10.205)

www.EngineeringEBooksPdf.com



448 Fiber Optic Communications

x 107
25 F I T T -
. Af=100 GHz _
3 /
T
]
§ 1.5+ —
g
a
%]
[aw . |
E Af=200 GHz
o
05 L Af=300GHz _|
0 | | e
=20 -10 0 10 20

Frequency (GHz)

Figure 10.15 The power spectral density of the XPM distortion vs. frequency. Parameters: @ = 0.046 km™", P,y =
4mW, P, =0.1mW, L=80km, y = 1.1 X 1073, #, = =21 ps*/km, and f, = 0. Bit rate = 10 Gb/s.

For the OOK—-NRZ signal, aﬁ = a,,. Therefore, the PSD of Pp(t) is given by Eq. (4.20), i.e.,

. (IP,(@)]?) _ Py T,
T—o0 T 4

sinc? (T}, /2) [1 4 278 (a’)] .
b

10.207
T (10.207)

Fig. 10.15 shows the signal distortion due to XPM using Eqs. (10.203) and (10.207), and ignoring the discrete
part of the spectrum (second term in Eq. (10.207)). As can be seen, the PSD of XPM distortion decreases as
the channel spacing Af(= €, /(2x)) increases.

This analysis can be modified by taking into account the pump envelope change due to dispersion [18]. The
amplitude and phase fluctuations of the modulated signal due to XPM can also be calculated using a first- or
second-order perturbation theory [20].

10.7.2  Four-Wave Mixing

Four-wave mixing refers to the generation of a fourth wave at the frequency Q, due to the nonlinear interaction
of three waves at frequencies €;, €, and €. To study the impact of FWM alone, let us ignore the SPM and
XPM terms in Eq. (10.140). In addition, in order to simplify the analysis, let us assume that the signals in each
channel are CW (constant envelope), so that the second and third terms on the left-hand side of Eq. (10.140)
can also be ignored. With these simplifications, Eq. (10.140) becomes

N/2-1 Nj2-1 NJ/2-1

aqn o . % iAB:
S Fya= Y Y X aaaiet” (10.208)
j==N/2k==N/2 I==N 2
jtk—I=n

No SPM, no XPM
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Let us first consider a single triplet {jk/} corresponding to channels at frequencies €;, €, and €, satisfying
Q+Q —Q=Q,. (10.209)

Let the FWM field generated at Q,, be ¢,. Now, g, may be written as
Gn =g\ + (10.210)

where qi,o) is the signal field in the absence of nonlinearity. We assume that |¢,| < |g,|. Considering only the
triplet {jk/}, Eq. (10.208) becomes

dq,(f)) @ de, a ©) ©) #(0) iy, Z
Lao)., ji?. 10211
< az T2 @z T ) T ( )

Ay = B+ B — B — B, (10.212)

where

is the phase mismatch. Note that ¢;g,q; of Eq. (10.208) is replaced by q(o)ql((o)q;‘(o) in Eq. (10.211), which is

known as the undepleted pump approximation. When the FWM power is much smaller than the signal power,
depletion of signal terms (i.e., FWM pumps) appearing in Eq. (10.211) may be ignored. Since q(o) is the signal
field in the absence of nonlinearity, it can be written as

N N N

(0) — S Z+if,
=A,e 277, =——,—=+1,...,= -1, 10.213
G =Age n=-T.m5 (10213)
where A, and 6, are amplitude and phase at Z = 0, respectively. It can easily be seen that
gy’ a
—+—q, =0. 10.214
ARG ( )
So, Eq. (10.211) becomes J
€« © (0 #(0) i&fjnZ
_dZ + 56” lyq qk q k) . (10215)

When the third-order dispersion is ignored, the propagation constant is given by Eq. (10.133). Using
Eqgs. (10.133), and Eq. (10.209) in Eq. (10.212), we find

B
ABjan = B (€ + Q — Q- Q) + —2 [QF + @ — QF —(Q + @ — Q)]

= [, - Q,Qk]. (10.216)

When the bandwidth of the WDM signal and/or the dispersion slope is large, the third-order dispersion
coefficient can not be ignored. In this case, Eq. (10.216) is modified as (see Example 10.9)

B
ABjn = (2, = Q) | B+ 5 (4 + ) [ (10.217)
Substituting Eq. (10.213) in Eq. (10.215), we find
d . )
d€Z + L6, = iyA A A e CH 2 id, (10218)
where
Aby; =0+ 6, — 0. (10.219)
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Eq. (10.218) is a first-order ordinary differential equation. The integrating factor is ¢**/2. So, multiplying Eq.
(10.218) by e*#/2, we find
d( €, ez / 2)
dz
Integrating Eq. (10.220) from O to L with the condition €,(0) = 0, we obtain

= iyAjA A e O A 2B (10.220)

L
e(L) = iy A A e A0 / e~ ibZ gz

0
1 — ¢ 9kinl
=K,k1[;—j], (10.221)
jkin
where _
Ky = iyAjA A0t/ (10.222)
and
6jkln =a— iAﬂjlel' (10223)
The power of the FWM component is [23, 24]
) 1Kl — et —aL
PFWM,n = |€n| = 2 ¢
Ly
— .2 2 —alL
=7 PijPlLeffnjklne . (10224)
a® + 4e~Lsin® (A By, L/2)/ L2
Nikin = 5 > . (10.225)
a® + (ABy,)
P, = Aj, (10.226)
1- —aL
Ly = %. (10.227)

Here, n;,, represents the FWM efficiency. Fig. 10.16 shows the dependence of the efficiency on the dispersion
coefficient f, when j =1,k =2, and | = 3. When g, = 0, the efficiency is maximum and this is known as
phase matching. As | p,| increases, the FWM efficiency decreases and it becomes significantly smaller when
|f,] > 6 ps*/km. When the fiber is sufficiently long, the second term in Eq. (10.225) may be ignored and
Eq. (10.225) may be approximated as

a?

win & ———— 10.228
ﬂ]kln o2 + (Aﬁjkln)z ( )

Let the channel spacing be Af and Q; = j2xAf,j=—-N/2,-N/2+1, ... ,N/2 — 1. Now, Egs. (10.209) and
(10.216) become

jtk—1l=n, (10.229)

DBy, = QuAf)*Bylnl — jk]. (10.230)

Withj=1,k=2,and [ = 3, we find n = 0 and

a2

. — 10.231
a? + 422 Af) ( )

N30 =

www.EngineeringEBooksPdf.com



Nonlinear Effects in Fibers 451

0.8 -

g
o
T

FWM efficiency
=)
~
T

02

Dispersion (ps.ps/km)

Figure 10.16 FWM efficiency vs. f, for j = 1,k =2, and [ = 3. Channel spacing, Af = 100GHz, Q, = 27Af, Q, =
4z Af, L=_80km, loss =0.2 dB/km, and Q, = 67 Af.
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Figure 10.17 FWM efficiency vs. channel spacing, Af. L=80km, loss=0.2dB/km,j=1,k=2,and [ = 3.

Fig. 10.17 shows the dependence of the FWM efficiency on the channel spacing. As can be seen, the effi-
ciency decreases as the channel spacing and/or |f,| increases. So far we have considered FWM generation
due to a single triple {jk/}. Considering all the triplets in Eq. (10.208), Eq. (10.221) should be modified as

[1 _ e_‘sjklnL]

&)=Y Y Y Ky———— (10.232)
i kL

5jkln
JHk—I=n
No SPM, no XPM
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Figure 10.18 Two types of FWM: (a) non-degenerate FWM; (b) degenerate FWM.

and the FWM power is P, = |e,|*. Consider three channels of a WDM system centered at IAf, [ = 1,2, 3.
The nonlinear interaction between these channels leads to a FWM field at 4Af and 0, as shown in Fig. 10.18.
If we choose j = 1, k =2, and [ = 3, the FWM tone falls on the channel at O since j + k — [ = 0. Choosing
j=2,k=3,and [ =1, we find j + k — [ = 4 and, therefore, the FWM tone is generated at 4Af as well, as
shown in Fig. 10.18. These types of FWM are known as non-degenerate FWM as j, k, and [ are distinct. When
j=k=1land!=2,j+ k — [ =0 and the FWM tone falls on the channel at 0, as shown in Fig. 10.18(b). The
other possibility is j=k=2and [ =1, j + k — [ = 3 and the FWM tone falls on the channel at 3Af. These
types of FWM are known as degenerate FWM. Eq. (10.232) includes both types of FWM. Adding all the
possible FWM tones that satisfy the condition j + k — [ = n, the total FWM field on the channel n can be
calculated using Eq. (10.232).

Fig. 10.19 shows the mean FWM power on the middle channel as a function of the number of channels
in a WDM system. Initial phases of channels (6;) are assumed to be random and the mean FWM power

0.5 : : :
4 x X .
0 .
x * *
E 0zl x x ¥ x —> || =6psps/km |
=]
o
§ 02+ x .
. + +
+ + ¥ * + L,
0.1 + * + _
X et 5] = 10 ps.ps/km
+
0 | | |
0 10 20 30 40

Number of channels

Figure 10.19 Mean FWM power on the middle channel vs. number of channels in a WDM system. Parameters: channel
spacing = 50 GHz, power/channel = 3 mW, number of spans = 20, amplifier spacing = 80 km, loss = 0.2 dB/km, and
y=1L1W'km™
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is calculated by averaging over the random phases. The FWM field acts as noise on the channel, leading
to performance degradations. The FWM impairment becomes smaller as the dispersion increases, since the
phase matching becomes more difficult, and it increases as the channel spacing decreases. Therefore, FWM
is one of the dominant impairments in OFDM systems in which the subcarriers are closely spaced [25, 26].

There are a number of approximations in this FWM model. Firstly, the modulation of the channels is ignored.
When the channel modulation is included, the signal field g,, is not independent of time and, therefore, the
second term on the left-hand side of Eq. (10.140) can not be ignored. Owing to dispersion, different channels
propagate at different speeds, which is not taken into account in this simple model. The FWM model may be
modified taking into account pump depletion [27], pump modulation [28—30], pump modulation and walk-off
[31-33]. Experimental validation of the CW FWM model can be found in Ref.[34].

Example 10.5

A WDM system consists of three channels centered at —Af, 0, and Af, with Af = 50 GHz. The fiber loss
coefficient @ = 0.046km™" and the fiber length L = 40 km. Calculate the efficiency of the non-degenerate
FWM tone at —2Af if (a) f, = —4 ps’/km, (b) f, = 0ps’/km. Ignore f;.

Solution:
From Eq. (10.90), we have

I —exp(—al) 1—exp(-0.046 x 40)
a B 0.046
= 18.28 km. (10.233)

Loy =

From Eq. (10.225), the FWM efficiency is

. a? + e~ sin® (A, L/2)/ L2 (10.234)
fits o2 + (A, ' |

Letj=—1,k=0,and /[ =1 so that n = j + k — [ = —2 corresponding to the FWM tone at —2Af. From Eq.
(10.216), we have

Aﬂjkln = ﬁZ[QlQn - ngk]
= B, Af)*[1 - (=2) — (=1) - 0]. (10.235)
(a) p, = —4 ps*/km:
AP_j01— = =4 x 1072 x (27 x 50 x 10”)> X (=2) m™!
=789%x10*m™; (10.236)

(0.046 x 1073)2 + 4 exp (—0.046 X 40)sin*(7.89 x 10~! x 40/2)/(18.28 x 10%)2
(0.046 X 10-3)2 + (7.89 x 10-4)2

=34x1073. (10.237)

N-101-2 =

(b) f, = 0ps*/km:
AP 01—, =O0m~L (10.238)

Now, from Eq. (10.225), we have n = 1.
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10.8 Intrachannel Nonlinear Impairments

In quasi-linear systems, dispersive effects are much stronger than nonlinear effects and the fiber nonlinearity
can be considered as a small perturbation in the linear system. Since the dispersive effects are dominant in
quasi-linear systems, neighboring pulses overlap and this system is also known as a strongly pulse-overlapped
system [35] or pseudo-linear system [36]. In contrast, in classical soliton systems, dispersion is balanced by
nonlinearity, the pulses are well confined within the bit period. In quasi-linear systems, the pulses that are
separated by several bit periods could interact nonlinearly because of the strong pulse overlap among the
pulses. In this section, we consider single-channel nonlinear impairments such as intrachannel four-wave
mixing (IFWM) [35-46] and intrachannel cross-phase modulation (IXPM) [47-49]. The variance in signal
distortion due to nonlinear effects is used as a measure to compare different fiber-optic systems. IXPM and
IFWM can be considered as deterministic signal—signal nonlinear impairments because if we know the bit
pattern, these effects can be undone using digital back propagation (DBP) at the transmitter or receiver (see
Chapter 11). In contrast, the nonlinear signal—ASE interaction such as Gordon—Mollenauer phase noise is
stochastic and the DBP can not compensate for it. In single-channel systems, the nonlinear interaction can be
divided into three types: (i) intrapulse SPM; (ii) IXPM; and (iii) IFWM. SPM has already been discussed in
Section 10.5. Here we discuss IXPM and IFWM.

10.8.1 Intrachannel Cross-Phase Modulation

IXPM is the phase modulation of a pulse by another pulse of the same channel. Consider the interaction
between two pulses q,(T’, Z) and q,(T, Z) separated by T}, at the fiber input. Let the total field envelope be

qT,2)=q\(T,2)+ q,(T, 2). (10.239)
Substituting Eq. (10.239) in Eq. (10.81), we find

1.0(6]1 +a) B 0%(a1 +a)
0Z 2 o1

The last term on the left-hand side can be written as

+ vl + 0:1%(q, + 4,) = —ialq, + q,)/2. (10.240)

lay + a2y + a2) = (g, 1> + 2lg2 1)1 + (ga* + 219, 1))a + 4105 + 634 (10.241)

The last two terms in Eq. (10.241) represent the intrachannel four-wave mixing, and this will be considered
in the next section. The term 2|¢,|?q, represents the phase modulation of ¢, due to ¢,. If the IXPM terms
2|¢,|%q, and 2|q,|*q, and the IFWM term qfq; + q%q’lk were to be absent, the pulses would experience intra-
pulse SPM only and there would be no change in the temporal position of the pulses as a function of the
propagation distance. However, due to IXPM, pulses could attract or repel each other. Figs. 10.20 and 10.21
show the nonlinear interaction between adjacent pulses. In this example, pulses repel each other, leading to
performance degradation. The timing jitter due to IXPM can be calculated using a variation approach [42, 49]
or a perturbation technique [48]. The repulsion between pulses can be explained as follows. The phase modu-
lation caused by the IXPM leads to instantaneous frequency change of a pulse. In a dispersive fiber, different
frequency components travel at different speeds and, therefore, the frequency change due to IXPM translates
into group speed changes. Therefore, the first pulse moves faster than the second pulse and it arrives at the
fiber output earlier than the second one, leading to a temporal separation longer than the bit interval. In the
absence of IXPM, pulses would have the same group speed and the separation between pulses would be equal
to the bit period. For systems based on OOK, ‘1’ and ‘0’ occur randomly and the timing shift caused by IXPM
is random, leading to time jitters and performance degradation.
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Figure 10.20 Nonlinear interaction between adjacent pulses. The pulses are separated by 25 ps at the input. Transmission
fiber is a standard single-mode fiber with 8, = —22 ps?*/km. The dispersion is fully compensated in each span.
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Figure 10.21 Optical power distribution at the fiber input and output. Fiber length = 1600 km. The parameters are the
same as in Fig. 10.20.

10.8.2  Intrachannel Four-Wave Mixing

When two or more pulses of the same channel interact nonlinearly, echo or ghost pulses are generated, as
shown in Figs. 10.22 and 10.23. This is called intrachannel four-wave mixing. In the case of interchannel
FWM shown in Fig. 10.24(a), the nonlinear interaction between the frequency components f, f,, and f; leads
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Figure 10.23 Optical power distributions at the fiber input and output. Fiber length = 3200 km.

to FWM sidebands at f; + f, — f5 and f, + f5 — f;. Similarly, in the case of IFWM, the nonlinear interaction
between pulses centered at ¢, t,, and #; leads to echo pulses at ¢, +#, — t; and ¢, + t; — t,. The difference
between FWM and IFWM is that echo pulses appear in the time domain instead of in the frequency domain,
as shown in Fig. 10.24(b). Hence, it is also known as time-domain FWM. The nonlinear interaction between
signal pulses leads to first-order echo pulses, as shown in Figs. 10.22 and 10.23, and the nonlinear interaction
of signal pulses and first-order echo pulses leads to second-order echo pulses. However, the amplitudes of the
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Figure 10.24 The analogy between interchannel FWM and intrachannel FWM.

second-order echo pulses are very small, and they are not visible in the linear plot shown in Fig. 10.23. We
ignore second-order echo pulses in the analysis of [FWM.

Suppose the pulse centered at mT), is gq,,. The nonlinear interaction between ¢,, g,,, and g,, due to IFWM is
described by ¢,g,,4; and the resulting echo pulse is centered near (I + m — n)T,,. For example, in Figs. 10.22
and 10.23, the first-order echo pulses centered around —50 ps and 50 ps and generated due to the nonlinear
interaction of signal pulses centered at —25 ps, O ps, and 25 ps. The echo pulse at 50 ps is generated by a
nonlinear interaction of the form ¢,q,,q;; where l =1 (25ps),m =0 (0ps),n = —1(=25ps),and [+ m —n =2
(50 ps). The nonlinear interaction of the first-order echo pulses and signal pulses leads to second-order echo
pulses at =75 ps and 75 ps (see Fig. 10.22).

When [ = m, it is known as degenerate IFWM, similar to the degenerate interchannel FWM. Otherwise, it
is called non-degenerate IFWM. The echo pulse centered around 50 ps is generated not only by signal pulses
centered at —25 ps, Ops, and 25ps (¢q,4qyq" |) due to non-degenerate IFWM, but also by pulses centered at
Ops and 25 ps (q%q(”;) due to degenerate IFWM. Note that the echo pulses are generated in the locations of
signal pulses as well. In Fig. 10.23, the nonlinear interaction of the signal pulses centered at —25 ps, 0 ps,
and 25 ps (¢,9_,4,) leads to an echo pulse around Ops (I = 1, m = =1, n =0, [+ m — n = 0). The coherent
superposition of the signal pulse and echo pulse around 7 =0 ps leads to the distortion of the signal pulse at
T =0ps, as shown in Fig. 10.23. Section 10.9 provides the mathematical description of [IFWM.

10.8.3 Intra- versus Interchannel Nonlinear Effects

Fig. 10.25 illustrates the difference between intrachannel and interchannel nonlinear impairments. The pulse
located at the center interacts nonlinearly with the pulses within the trapezoids. This interaction includes
both intrachannel and interchannel nonlinear effects (SPM, IXPM, IFWM, XPM, FWM). The area of the
trapezoids depends on the system parameters such as fiber dispersion, nonlinear coefficient, launch power,
and transmission distance. For example, if the launch power is higher and/or the transmission distance is
longer, the area of the trapezoids would be larger. The nonlinear interaction of the pulse located at the center
with the pulses within the ellipse corresponds to intrachannel impairments (SPM, IXPM, IFWM).

10.9 Theory of Intrachannel Nonlinear Effects

The optical field envelope in a fiber-optic transmission system can be described by the nonlinear Schrodinger
equation (NLS) (see Eq. (10.81))

0q  Br(2) d%q 5 .a(Z)
4 _ -~ = j— 10.242
57 > 0T2+||f] =% (10.242)
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Figure 10.25 Illustration of the difference between intrachannel and inter channel nonlinear effects.

where a(Z) is the loss/gain profile which includes fiber loss as well as amplifier gain, f, is the second-order
dispersion profile, and y is the fiber nonlinear coefficient. Fig. 10.26(a) shows a typical fiber-optic transmission
system. We assume that the amplifier compensates for the fiber loss. To separate the fast variation of optical
power due to fiber loss/gain, we use the following transformation [50]:

q(T,Z) = a)u(T, 2), (10.243)
where a(Z) is real. Differentiating Eq. (10.243), we find
0q ou
— = —, 10.244
7 au + adZ ( )
where - denotes differentiation with regard to Z. Let
Z
= —?a. (10.245)

Substituting Eqs. (10.244) and (10.245) in Eq. (10.242), we obtain the NLS equation in the lossless form as

ou  Pr(Z) 0*u _ 2 2
i7" "5 o= D) |ul*u. (10.246)
Solving Eq. (10.245) with the initial condition a(0) = 1, we obtain
Z a(s)
a(Z) =exp |— Tds . (10.247)
0

The choice of this initial condition is arbitrary. The sole purpose of introducing a(Z) is to separate the varia-
tions of the optical field due to loss/gain from that due to dispersion and nonlinear effects. Between amplifiers,
when the fiber loss is constant, a(Z) = aj, it becomes

a(Z) = exp (—ayZ' /2) (10.248)
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Figure 10.26 Typical fiber-optic transmission system: (a) block diagram, (b) power variation, (c) loss/gain profile.
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Figure 10.27 Plot of a*(Z) v distance. L, = amplifier spacing.

where Z' = mod(Z, L,), where L, = amplifier spacing. Fig. 10.27 shows a?(Z) for a fiber-optic link with fiber
loss exactly compensated by the amplifier gain (see Example 10.12 for more details). The mean optical power
< |g|* > fluctuates as a function of distance due to fiber loss and amplifier gain, but < |u|? > is independent
of distance since the variations due to loss/gain are separated out using Eq. (10.243). Note that the nonlinear
coefficient is constant in Eq. (10.242), but the effective nonlinear coefficient ya*(Z) changes as a function of
distance in Eq. (10.246). Eq. (10.246) can be solved using perturbation theory. The solution of Eq. (10.246)
can be written as

u(T,Z) = uy(T,Z) + yu, (T, Z) + y*ur(T, Z) + - - - , (10.249)
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where u;(T, Z) is the jth order solution. The nonlinear term in Eq. (10.246) may be written as

(9]
> v,

n=0

2 o
> vu, (10.250)
n=0

(T, 2)|*u(T, Z) =

Using Egs. (10.249) and (10.250) in Eq. (10.246) and separating terms proportional to y",n =0, 1,2, ..., we
obtain [20]

Ouy By 02”0

@% : iv7 =590 =0 (10.251)
ou B, 0*u
oY : ’a_zl - Tza_Tzl = —a*(Z)|uy|*uy, (10.252)
ou, P, 0%u .
(SF 10—22 - 72322 = —a*(2)2lug|*uy + wdu?). (10.253)

Eq. (10.251) is the linear Schrodinger equation. The linear solution uy(7', Z) can be obtained using the lin-
ear fiber transfer function as discussed in Chapter 2. Egs. (10.252) and (10.253) represent the first- and
second-order corrections due to nonlinear effects. The first (second)-order term u, (u,) corresponds to the first
(second)-order echo pulses shown in Fig. 10.22. When the nonlinear effects are small, the terms of order y”,
n > 1, can be ignored. As an example, let us consider a single-span lossless (a = 0) zero-dispersion (f, = 0)
fiber. Eq. (10.251) becomes

d
o _, (10.254)
dz

uqy = k(const.). (10.255)

Note that k may be a function of z. Since a>(Z) = 1 in this example, Eq. (10.252) becomes
0uy

— = —|k|%k, 10.256
i— |&] ( )
uy (T, Z) = u,(T,0) + i|k|*kZ. (10.257)
The initial condition is
w(T,0) = uy(T,0) + yu,(T,0) + y*uy(T,0) + - - - . (10.258)

Since u;(T', 0) are arbitrary functions, one convenient choice would be

uo(T,0) =u(T,0) = k,

u(T,00=0 for j>1. (10.259)
Using Eqgs. (10.255)—(10.259) and ignoring terms of order y”, n > 1 in Eq. (10.249), we obtain

w(T,2) = (1 +iy|k|*Z) k. (10.260)

In this simple example, Eq. (10.246) can easily be solved directly:

i =y,

u(T, Z) = exp [iy |u(T, 0)|21u(T, 0). (10.261)
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Taylor series expansion of the exponential function in Eq. (10.261) yields
}/222
w(T,Z) = <1 +iy|k|*Z - T|k|4 +-- ) k. (10.262)

Comparing Egs. (10.260) and (10.262), we see that they match up to the first-order term in y. If we solve
Eq. (10.253) and add the second-order correction in Eq. (10.260), we find that Egs. (10.260) and (10.262)
would match up to second order in y (see Example 10.11).

Now, let us consider a more general problem in which neither , nor « is zero. Let the optical field envelope
at the fiber input be

q(T.0) = aOu(T.0)= Y b,f(T —nT,), (10.263)

n=—o0o

where T is the symbol interval and f(7) is the pulse shape. For systems based on OOK,

1 for‘l’
b, = or o (10.264)
0 for ‘0.
For systems based on PSK or DPSK,
1 for ‘1’
b, = or o (10.265)
-1 for ‘0.

Eq. (10.251) can be solved using the Fourier transform technique (see Chapter 2). The solution is
ug(T, Z) = F~ {iig(w, 0) exp [i0>S(Z) /2]}, (10.266)

where iig(w, 0) = Fluy(T, 0)], uy(T,0) = u(T,0), and S(Z) is the accumulated dispersion
z
SZ) = / P (x)dx. (10.267)
0
Taking the Fourier transform of Eq. (10.252), we obtain

i% + ﬁz;z) a)zﬁl(a}’ Z) — —az(Z)F(C(), Z), (10268)

where i1, (w, Z) = Flu,(T,Z)] and Flw,Z) = Flluy(T, Z)|2u0(T, Z2)]. Eq. (10.268) is a first-order ordinary dif-
ferential equation which can be solved to yield

LlO[
ity (w, Le)IF(Lyy) =i / @ (x)F(w, x)IF(x)dx, (10.269)
0

where the integrating factor is
IF(Z) = exp [iS(Z)o? /2] . (10.270)

and L, is the total transmission distance. We assume that the dispersion is fully compensated either in the
optical or the electrical domain before the decision device. So, S(L,,) = 0 and Eq. (10.269) becomes

LtOl
ity (w,Liy) =1 /0 az(x)F(w, X)IF (x)dx. (10.271)
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The first-order correction u, (7, Z) is obtained by performing the inverse Fourier transformation of i, (w, Z).
Typically, in quasi-linear systems, the nonlinear effects are smaller than the dispersive effects and the
first-order correction u;(T,Z) is often adequate to describe the nonlinear propagation. However, when
the transmission distance is long and/or the launch power is large, a second-order perturbation theory is
needed [20].

A closed-form expression for uy(7', Z) and u, (T, Z) can be obtained if we assume that the pulse shape f(T)
is Gaussian, i.e.,

2
FT) = /Paexp | - |, (10.272)
217
where P, is the peak power. The linear propagation of this pulse is described by (see Eq. (2.158))
To\/ Py l T2 ]

exp ,

T,(2) 272(2)

(10.273)

where le = Tg —iS(Z). When a long bit sequence is launched to the fiber, uy(7’, 0) is given by Eq. (10.263).
In this case, the linear solution is

0\/ (T — nT,)?
uy(T,Z —— |, 10.274
2= n_z_:m l 21}2) (10-279)
F(T.Z) = |uy(T. 2)*uo(T. Z) = 3/2|T IgT Z Z Z bbb,
1 1 |=—00 m=—00 n=—co
T—IT)* (T-mT)* (T-nT)?
wexp |- L) T oml)  T-nT)7 | 0075)
212 2T? 2T
The Fourier transform of F(T, Z) is (Example 10.13)
%/2T3

Flo,z)= 22 D bbb, exp[-g(2) + liw — d(Z)* /4C(2)), (10.276)

7,127, \ C2) C(Z) L "l '

where
375 +iS
cZ)y=—2 (10.277)
ATy +5%)
T+ m+m)T5 +i(l +m —n)S]
d(Z) = . (10.278)
T4 + 52
T2 + m?* + n)T} + i(2 + m? —nz)S]

g8(2) = (10.279)

ATy +5?)

Substituting Eq. (10.276) in Eq. (10.269), and after performing the inverse Fourier transformation, we find

(T, L) = 3" 6144, (T, Lio)bib, b, (10.280)
Imn
Lot g2 —(2CT — d)*/(4C(1 +i25C) - C
Sty (T, Ligy) = iPy T3 / () exp [=( /@A + 250 = Ol . (10.281)
0

\J(L+2SOTZ — iS)(T3 + )
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For a single-span system with constant loss a and dispersion coefficient f,, Eq. (10.281) reduces to [38,43]

L —aZ — 2CT — d)*/(4C(1 + i2$,CZ) — C
Sty (T, L) = iPYT3 / exp[~aZ y/aca+izhes) - o1, (10.282)
0

\/ (1 +28,CZ)T2 — i, Z)(T + f222)

where L is the fiber length.

10.9.1 Variance Calculations

Without loss of generality, we consider the nonlinear distortion on the pulse located at 7 = 0. The total field
at the end of the transmission line is

u(T =0,Ly) =uy(T =0,L,) +yu; (T =0,Ly,)

BT o
=T [t X bew T

—00,n#0

tr 2 Z Z blbm néulmn' (10283)

[=—00 Mm=—00 n=—00

The second term on the right-hand side of Eq. (10.283) represents the ISI from the neighboring symbols
and the last term on the right-hand side represents the nonlinear distortion due to SPM, IXPM, and IFWM.
The nonlinear interaction between pulses centered at [T, mT,, and nT| results in an echo pulse centered
approximately at (I + m — n)T. Therefore, the dominant contributions to the nonlinear distortion at 7 = 0
come from the symbol slots that satisfy / + m — n = 0 and all the other triplets in Eq. (10.283) can be ignored.
When [ =m =n =0, dug, corresponds to SPM. When [/ = 0 and m = n, éuy,,, corresponds to intrachannel
XPM (IXPM). All the other triplets satisfying / + m — n = 0 represent the echo pulses due to intrachannel
FWM (IFWM). Let us first calculate the variance of ‘1’ in BPSK systems. Let us assume that the bit in the
symbol slot is ‘1’, i.e., by = 1. Considering only the triplets that satisfy [ + m —n = 0, Eq. (10.283) can be

written as
VPoT, - n*T?
wT=0,L. )= 1+ b,exp| ———
tot Tl ( Ltot) l __Z 2T2

[e]
+7| Bitgoy +2 ) Sty + D iy bbb, | (10.284)
N—— m=—oo I4+m—n=0,1#0,m#0
SPM \ ~ o ~ _
IXPM IFWM

The last term in Eq. (10.284) excludes SPM and IXPM. As can be seen from Eq. (10.284), the contribution
from SPM and IXPM leads to deterministic amplitude and phase changes. At the receiver, the dispersion
is fully compensated either in the optical domain or using the DSP (see Chapter 11). So, we assume that
T(Ly) = T;in Eq. (10.284). For BPSK systems, the photocurrent is proportional to the real part of u(0, L).
Setting the constant proportionality to be unity, the current at 7' = 0 can be written as

I=1,+3I, (10.285)
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where / is the mean current given by

I, = /P,Re {1 +y (5u000 +2 ) 5u0mm>} (10.286)

m=—oo
and -
8= bbuy,,+v > Re(S14,,,)b,b,,b,» (10.287)
n=—o0,n#0 I+m—n=0,1#0,m#0
where
Stgin,, = /Py exp (—n*T7 /2T7). (10.288)
For BPSK, we have
(b,) =0, (10.289)
(bub) = s (10.290)
where 6, is the Kronecker delta function. To calculate the variance, Eq. (10.287) is rewritten as
51 = (Sllin + 5IIFWM,d + 5IIFWM,nd’ (10291)

where 61y, 6lipwn g, and 0lpwp g Tepresent random currents due to linear ISI, degenerate IFWM, and
non-degenerate IFWM, respectively. An IFWM triplet is degenerate if / = m. From Eq. (10.287), we have

Slyp = ). Dbty (10.292)
n=-—o0,n#0
Shgwma =7 D,  Re{duy,)b,, (10.293)
I+m—n=0,l=m
olipwmpna = 2 2 Re{éu,,,}b,b,b,. (10.294)

l+m—n=0,l<m,l#m#n

The factor 2 is introduced to account for the fact that the summation is carried out only over the region of
I < m. In Egs. (10.293) and (10.294), the terms corresponding to intra-pulse SPM and IXPM are excluded.
The variance of 61}, is
<L, >= ) N <b,b, > Suy, 0t (10.295)
m#0 n#0

Using Eq. (10.290), Eq. (10.295) simplifies to

2 2 -m’T;
<l >= Y bt =Py Dyexp( — = ) (10.296)
m#0 m#0 0
<y >=1" D, D Re[6uy, IRe[Suyy, ] < b,b,y >
I+m—n=0,l=m ' +m’ —n' =0,I' =m’
=r" ) (Refduy,)™ (10.297)

I+m—n=0,l=m

In Eq. (10.297), we have used Eq. (10.290) and when n = 7/, [ has to be equal to I’ to satisfy [+ m —n =0
and!' + m' —n’ = 0.
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Next consider the correlation between linear and degenerate [IFWM,

< Shydlgpwna > =7 D, D' Relbuy, 1oty < byb,y >

I+m—n=0,l=m n' n'#0

_ 2T2
VP Y Relduylexp (”T—Z> . (10.298)

I+m—n=0,l=m,n#0 0

The variance of 6l gy g 18

2 _ 2
< Slewnina > =4 D D> Reléu,,]
I+m—n=0  ['+m' —n'=0
I<ml#Em#n [ <y I #m! #n'

Re[ Sty ] < bybybbybysb,y > . (10.299)

Since < b;b,,b,byb, b, >= 66,0, Eq. (10.299) is simplified as

nn’ >

< 813

W >= 47 D (Re{ Sty })2. (10.300)

l+m—n=0,/<m,l#m#n

Using Eqgs. (10.289) and (10.290) in Eq. (10.287), it is easy to show that

<8 >=0, (10.301)
Opgg = < OI* >=< 85 >+ < 5112FWM, > +< 5112FWM,H > 42 < 8L 8pwag >
+2 < 88 ipwnnag > +2 < Slpwnina®lirwma > - (10.302)

It can be shown that the correlation between degenerate IFWM and non-degenerate IFWM is zero and that
between linear ISI and non-degenerate IFWM is also zero. Hence, Eq. (10.302) becomes

Opsx =< 0I5, > + <8Iy g > + < St g > +2 < Slinblipwna > - (10.303)
Next, let us consider a direct detection OOK system. The photocurrent is
I P =|u(T, L) (10.304)
Setting the constant of proportionality to be unity and using Eq. (10.283),

I(T = 0) = |ug(T = 0, L) + yu, (T = 0, L,,)|?
= |ug(0, L)1 + 2yRe{ug(0, Lg)ut(0, L)} + 72 |uy (0, L) | (10.305)

In Eq. (10.305), the first, second, and last terms on the right-hand side represent the currents due to the lin-
ear transmission, signal—nonlinear distortion beating, and nonlinear distortion—nonlinear distortion beating.
When the nonlinear distortion is small, the last term can be ignored. Eq. (10.305) can be written as

I =1y+ 6, + 61, (10.306)
where

I, =P, (10.307)
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8l ~ 2\/Py Y, byt (10.308)
n=—00,n#0
Sy 2 27\/Py Y. bbb, Re(Sttyy,). (10.309)
l4+m—n=0

The variance is calculated as (see Example 10.14)

oo =< I > — < I>? (10.310)
—alm+0'nl, (10.311)
where

0 272

-m-T;
ol =P, Z exp< 7 > , (10.312)

m=—00 0
2 _ 4.2 1 1

62 = 4y2P, z+mz_:1:o [/+m§l,_0 ( T~ S, ) Re@ Ry, (10313)

r(I, m, n) is the number of non-degenerate indices in the set {{,m,n} and x(I, m,n, ', m’,n’) is the number of
non-degenerate indices in the set {I,m,n, ', m’,n’}.

10.9.2  Numerical Simulations

To test the accuracy of the semi-analytical expressions for the variance, numerical simulation of the NLSE
is carried out using the symmetric split-step Fourier scheme (see Chapter 11). The fiber-optic link is shown
in Fig. 10.28. A dispersion-compensating fiber (DCF) is used for pre-, inline, and post-compensation. The
parameters of the transmission fiber (TF) and DCF are shown in Table 10.1. Two-stage EDFA is used with a
DCF between the amplifiers. Let the accumulated dispersions of the pre- and post-compensating fibers be D,

XN

Pre- Post-
compensation

compensation ( DCF
(T)pt‘ @) I Amp (..) (.I.) w (l;pt.
X. X.

Figure 10.28 A typical fiber-optic transmission system. TF = transmission fiber, DCF = dispersion compensating fiber.

e

Table 10.1 Parameters of the transmission fiber and DCF.

Fiber type D (ps/km/nm) y (W=km™) Loss (dB/km)

TF 17 1.1 0.2
DCF -120 4.86 0.45
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and D, respectively. Dispersion of the TF is partially compensated by the in-line dispersion compensation.
Let D, be the residual accumulated dispersion of a single span, i.e.,

D,os = DypLyg + DipineLintine (10.314)

where D and L denote the dispersion parameter (see Chapter 2) and length, respectively, and the subscripts
TF and inline correspond to the transmission fiber and inline DCEF, respectively. We have assumed that the
total accumulated dispersion from transmitter to receiver is zero, i.e.,

Z)pre + NDres + Dpost =0, (10-315)

where N is the number of TF spans. The following parameters are used in the numerical simulation of the
direct detection OOK system. Bit rate = 40 Gb/s, pulsewidth (FWHM) =5 ps, N = 10, peak powers launched
to TF and DCF are 10dBm and O dBm, respectively. The lengths of pre-, inline, and post-compensating
fibers are chosen so that D, = 100 ps/nm and D, = Dy, = —500 ps/nm. The amplifier noise is turned off.
Two pulses centered at 25 ps and 50 ps are launched to the fiber-optic link. Owing to IFWM, echo pulses are
generated around O ps and 75 ps. The solid and broken lines in Fig. 10.29 show the echo pulses after 10 spans
obtained by the analytical expression (Eq. (10.281)) and numerical simulations, respectively. In this example,
a small pulse width is chosen so that the echo pulse is not affected by the ISI from the pulse centered at 25 ps.
In practice, short-duty-cycle pulses are rarely used because of the large bandwidth which leads to cross-talk
in WDM systems.
The percentage pre-compensation ratio is defined as

D, x 100
D..+D,

pre post

%pre-compensation ratio = (10.316)

Fig. 10.30 shows the variance as a function of pre-compensation ratio. The following parameters are used for
Fig. 10.30: pulsewidth (FWHM) = 12.5 ps, D, = 100ps/nm, peak powers launched to TF and DCF are 0 dBm

0 T T T T T

--------- numeric

0l analytic | |

Power (dBm)

~100 ! ! ! ! !
-10 -5 0 5 10

Time (ps)

Figure 10.29 Comparison of the echo pulse power at the output obtained by the analytical expression (Eq. (10.281))
and numerical simulations. Two signal pulses centered around 25 ps and 50 ps are launched to the fiber (not shown in the
figure).
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Variance (mW)
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Figure 10.30 Variance of ‘1 at the fiber output for an OOK direct detection system. D, =100 ps/nm.

Variance (mW)
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0.2
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% Pre—compensation
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Figure 10.31 The variance of the signal amplitude calculated analytically for various residual accumulated dispersions
per span. The other parameters are the same as in Fig. 10.30.

and —3 dBm, respectively. The rest of the parameters are the same as in Fig. 10.29. To calculate the variance
of ‘1’, a 13-bit-long random bit sequence with the center bit being ‘1’ is transmitted over the fiber-optic link
in simulations. The bits are randomly varied, keeping the center bit fixed as ‘1’ and exhausting all possible
bit patterns. From Fig. 10.30, we see that the optimum pre-compensation ratio is about 90% when D, =
100 ps/nm. However, if the residual dispersion per span is increased, the pre-compensation ratio is lowered,
as shown in Fig. 10.31.
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Example 10.6

A rectangular pulse of peak power 6 mW is transmitted over a dispersion-free fiber of length 40 km. Find the
nonlinear phase shift at the center of the pulse. Compare the exact results with those obtained using first- and
second-order perturbation theory. Assume fiber loss = 0.2dB/km and y = 1.1 W~ km™".

Solution:
In the absence of dispersion, the field envelope evolution is given by the NLSE in lossless form (Eq. 10.246),
ig—; = —yeZ)yu. (10.317)
Let 4
u=Ae". (10.318)
Substituting Eq. (10.318) in Eq. (10.317), we find
ij—/Z‘e"" - Z—gAeie = —ye "%|APAe. (10.319)
Comparing the real and imaginary parts of Eq. (10.319), we find
Z—; =0, A = constant, (10.320)
de T (2
= =ye ¥|A%, 10.321
7 -re Al ( )

Z
0(T,Z) — 0(T,0) = y|A|? / e~ %dz
0

=7|AIZ (10.322)

1— e—aZ
Zejt =

(10.323)

Note that A does not change as a function of Z, but it may depend on 7. Since |u(7',Z)| = A does not change
with Z, we have
|u(T,0)| = |u(T,Z)| = A. (10.324)

Using Eq. (10.324) in Egs. (10.322) and (10.318), we find

O(T, Z) = 0(T, 0) + 7 |u(T, 0)|*Zg, (10.325)
u(T,Z) = |u(T, 0)]OTO+71uT.0)PZer) (10.326)
= u(T, 0)e” "0 Zeir (10.327)

From Egs. (2.177) and (10.323), we have

0.2 -1 —21,..—1
= —~ km™' =4.605x 102k 10.32
a= = zkm 605 x 102 km™", (10.328)
1 — exp (=4.605 x 1072 x 40
7= L oxR( ) _ 1827km. (10.329)
4.605 x 10-2
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The nonlinear phase shift is

(D) = y|u(T, 0)[*Z, (10.330)
=yP(T,0)Z. (10.331)

At T = 0, we have
dp(0)=1.1x 1073 x 6 x 1073 x 18.27 x 10* = 0.1206 rad. (10.332)

The Taylor expansion of Eq. (10.326) yields
2
w(T,Z) = u(T,0) { 1+ iy |u(T, 0)|*Zyg — g—!m(r, 0z + - } . (10.333)

Here, the second and third terms on the right-hand sied of Eq. (10.333) represent the first-order and
second-order corrections due to nonlinear effects. First, let us consider only the first-order term

w(T,Z) = u(T,0){1 + iy |u(T,0)|*Z} (10.334)
=u(T,0)B(T)e*D, (10.335)
where

B(T) = \/ 1+ 2[u(T, 0)|*Z2,, (10.336)
E(T) = tan™' (v |u(T, 0)|*Zgy). (10.337)

At T = 0, we have
B(0) = 1.007, (10.338)
&(0) = 0.12002 rad. (10.339)

B and ¢ represent the amplitude shift and nonlinear phase shift using the first-order theory. Note that from the
exact solution given by Eq. (10.326), we see that there is no change in amplitude due to fiber nonlinearity;
the first-order approximation shows that the amplitude is shifted by a factor of 1.007.

Next, consider the terms up to second order in Eq. (10.333),

w(T,Z) = u(T,0){x + iy}, (10.340)
x=1- 7’—2|u(T, 0*Z%.. (10.341)
2! e
y = 7|u(T, 0)|*Zyg;. (10.342)
Let x + iy = Be®. Proceeding as before, we find
B(0) = 1.00002, (10.343)
£(0) = 0.12089 rad. (10.344)

Comparing Egs. (10.338) and (10.339) with Egs. (10.343) and (10.344), we see that the second-order theory
is closer to the exact result.
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10.10 Nonlinear Phase Noise

So far we have ignored the nonlinear interaction between the signal and the ASE of inline amplifiers.
Owing to ASE, the amplitude or power of the optical signal fluctuates randomly about a mean value.
Since the nonlinear phase shift due to the SPM is proportional to power, the phase of the signal fluctuates
randomly. This type of noise was first studied by Gordon and Mollenauer [51] and, hence, this noise is also
known as Gordon-Mollenauer phase noise. The nonlinear phase-noise leads to performance degradations
in phase-modulated systems such as DPSK or QPSK systems. The analysis of nonlinear phase noise in
phase-modulated fiber-optic transmission systems has drawn significant attention [S1-76]. In the following
section, we consider the impact of ASE when the nonlinear effects are absent and in Section 10.10.2, an
expression for the variance of phase noise including the SPM is derived.

10.10.1 Linear Phase Noise

Consider the output of the optical transmitter, s;,(T), which is confined to the bit interval =7}, /2 < T < T},/2.
Let

5in(T) = ag VEp(T), (10.345)

where a, is the symbol in the interval -7}, /2 < T < T},/2, p(T) is the pulse shape, E is the energy of the
pulse, and

/ lp(T)1dT = 1. (10.346)
For BPSK, q, takes values 1 and —1 with equal probability. In this section, we ignore the fiber dispersion and
nonlinearity and include only fiber loss. To compensate for fiber loss, amplifiers are introduced periodically
along the transmission line with a spacing of L,. The amplifier compensates for the loss exactly and introduces
ASE noise. Let us consider a single-span fiber-optic system with a single amplifier at the fiber output. Let the
amplifier compensate for the fiber loss exactly. The output of the amplifier may be written as

Sout(T) = sin(T) + n(T), (10.347)

where n(T) is the ASE noise which can be treated as white,

<n(T) >=0, (10.348)
< n(Mn*(T') >= ps(T = T'), (10.349)
< n(Mn(T') >= 0, (10.350)

where p is the ASE power spectral density per polarization given by (Eq. (6.17))
p=ny,hf(G—1). (10.351)

Here, G is the gain of the amplifier, ng, is a spontaneous noise factor, / is Planck’s constant, andf is the mean
optical carrier frequency.

A signal of bandwidth B and duration 7}, has 2J = 2BT, degrees of freedom (DOF). From the Nyquist
sampling theorem, it follows that if the highest frequency component of a signal is B/2, the signal is described
completely by specifying the values of the signal at instants of time separated by 1/B. Therefore, in the interval
T, there are BT, complex samples which fully describe the signal. Equivalently, the signal can be described
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by J complex coefficients (or 2J real coefficients) of the expansion in a set of orthonormal basis functions.
Let us represent the signal and noise fields using an orthonormal set of basis functions as

J-1

sin(T) = Y. s;F,(T), (10.352)
Jj=0
J-1

n(T) =Y mFyT), (10.353)
=0

where {F;(T)} is a set of orthonormal functions,

/ F(T)F{(T)dT =1 if j=k

=0 otherwise. (10.354)

Because of the orthogonality of the basis functions, it follows that

nj = / oon(T)FJ’.k(T)dT. (10.355)

o0

Using Eqgs. (10.355) and (10.348)—(10.350), we obtain
<n;>=0, (10.356)
<nmng>=pif j=k
=0 otherwise, (10.357)
< nm) >=0. (10.358)

Using Eqgs. (10.352) and (10.353) in Eq. (10.347), we find
J-1
SouT) = D (s; + n)F,(T). (10.359)
j=0
Suppose ‘1’ is transmitted (a, = 1). We choose Fy(T) = p(T) so that
s;=VE if j=0
=0 otherwise. (10.360)

Eq. (10.359) can be written as

J—1
SouT) = (VE + ng)p(T) + ¥ mFy(T), (10361)
j=1

Let us assume that the signal power is much larger than the noise power and s;,(7') is real. Let

n(T) = n(T) + in/(T), (10.362)
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where n, = Re{n(T)} and n; = Im{n(T)}. Eq. (10.347) can be written as

Soue(T) = A(T) exp [ip(T)], (10.363)
where
A(T) = {[s;p(T) + n, (D)) + n}(T)}'/2, (10.364)
-1 n,(T)
pD=tan { sulD) + (D) }
28D (10.365)
sin(T)

In Eq. (10.365), we have ignored higher-order terms such as nl2 and n?. Using Egs. (10.352), (10.353),
(10.360), and (10.361) in Eq. (10.365), we obtain

No; < n;;F(T)
o) =—+ ) (10.366)
VE =3 p(VE
where n;, = Re{n;} and nj; = Im{n;}. From Egs. (10.366) and (10.356), it follows that
< d(T)>=0. (10.367)

Squaring and averaging Eq. (10.366) and using Eqs. (10.357) and (10.358), we obtain the variance of phase
noise as

J-1 1
2 2 P p F,(T)
) e o » 5 ) 10.368

Next, let us consider the impact of a matched filter on the phase noise. When a matched filter is used, the
received signal is

r= / ” Sou(DF;(T)dT. (10.369)

o0

Substituting Eq. (10.361) in Eq. (10.369) and using Eq. (10.354), we obtain

r=E +ny). (10.370)

Note that the higher-order noise components given by the second term on the right-hand side of Eq. (10.361)
do not contribute because of the orthogonality of basis functions. Now, Eq. (10.368) reduces to

2
<m> _p
E 2E°

2 _
Olin =

(10.371)
From Eq. (10.370), we see that when a matched filter is used, the noise field is fully described by two degrees
of freedom, namely, the in-phase component rn,, and the quadrature component ny;. The other degrees of
freedom are orthogonal to the signal and do not contribute after the matched filter. From Eq. (10.371), we see
that the quadrature component ), is responsible for the linear phase noise.
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10.10.2 Gordon—Mollenauer Phase Noise

The optical field envelope in a fiber-optic transmission system can be described by the NLSE in the lossless
form (Eq. (10.246)),

7 2
ig_; - ﬂz; )% = —yd*(D)|ul’u. (10.372)

Amplifier noise effects can be introduced in Eq. (10.372) by adding a source term on the right-hand side,

which leads to
ou P2 @

_ 2 2 .
e = o = 1@ @)ulu+iRZ,T), (10.373)
where
Na
R(Z,T) = 2 8(Z — mL)n(T). (10.374)
m=1

Here, N, is the number of amplifiers and n(7) is the noise field due to ASE, with statistical properties defined
in Egs. (10.348)—(10.350).

In this section, we first consider the case in which the fiber dispersion is zero. Let us consider the solution
of Eq. (10.373) in the absence of noise. Let

wlZ,T)=AZ,T)exp [ip(Z,T)], (10.375)

and
w0, T) = VEp(T). (10.376)

Substituting Eq. (10.375) in Eq. (10.372), we find

;’_fz‘ =0 - A(Z,T) = A0, T) = VE|p(T)|, (10.377)
D = 1D, DI
= ya*(Z)E|p(T)|*. (10.378)
Solving Eq. (10.378), we find
Z
$(Z,T) = yE|p(D)|? / a*(s)ds, (10.379)
0
Z
w(Z,T) = u(0, T) exp [i}/lu(O, )|? / a2(s)ds] . (10.380)
0

We assume that the signal pulse shape is rectangular, with pulse width 7). From Eq. (10.346), it follows that
|p(T)|? = 1/T,. Since a*(Z) = exp (—ayZ) between amplifiers, we have

mL,—
/ a*(Z)dZ = mL g, (10.381)
0

where | (—ail)
Ly = #. (10.382)
0
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Substituting Eq. (10.381) in Egs. (10.379) and (10.380), we find

$(mL,~,T) = vEmLe (10.383)
Tb
u(mL,—, T) = VEp(T) exp lip(mL,~)). (10.384)

Next, let us consider the case when there is only one amplifier located at mL, that introduces ASE noise.
The optical field envelope after the amplifier is

u(mL,+,T) = u(mL,—,T) + n(T). (10.385)

We assume that two degrees of freedom in the noise field are of importance. They are the in-phase component
ng, and the quadrature component n;; we ignore other noise components. As mentioned in Section 10.10.1,
the noise field is fully described by these two degrees of freedom for a linear system. Gordon and Mollenauer
[51] assumed that these two degrees of freedom are adequate to describe the noise field even for a nonlinear
system. Using Egs. (10.384) and (10.353) in Eq. (10.385), we find

u(mL,+,T) = \/Ep(T) exp Ligp(mL,—)] + nyp(T)
= (\/E + n)p(T) exp [igp(mL,—)], (10.386)

where
n() = ng exp [—i¢p(mL,—)]. (10.387)

n6 is the same as n,, except for a deterministic phase shift which does not alter the statistical properties, i.e.,

<nj>=0, (10.388)
<ngng* >=p, (10.389)
<l >=0. (10.390)

From Eq. (10.386), we see that the complex amplitude of the field envelope has changed because of the
amplifier noise. Using u(mL,+, T) as the initial condition, the NLSE (10.372) is solved to obtain the field at
the end of the transmission line as

le
u(Ly,» T) = u(mL,+, T) exp {iylu(mLa+, 7)? / aZ(Z)dZ}

L+
= (VE + n)p(T) exp lip(mL, =) + iy |V E + nl) P(N, = m)Lege/ T, ], (10.391)

where L, = N,L, is the total transmission distance. The phase at L, is

= tan”! n; N yIVE + 1o |>(N, = m)Leg N yEmL g
VE + 1] Ty T,
Or
oy, /
~ 7 + y(E + 2\/En0r)(Na - m)Leff/Tb + yEmLeff/Tb. (10392)
E
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The total phase given by Eq. (10.392) can be separated into two parts:
¢ =4+ 69, (10.393)
where ¢, is the deterministic nonlinear phase shift given by
ba = YEN Leg/ T, (10.394)
and 6¢ represents the phase noise,

56— nhy . 2y VEn, (N, - mLes

VE 7

The first and second terms in Eq. (10.395) represent the linear and nonlinear phase noise, respectively. As
can be seen, the in-phase component nér and the quadrature component, ”61‘ are responsible for nonlinear and
linear phase noise, respectively. From Eq. (10.388), it follows that

(10.395)

<6¢p>=0. (10.396)

Squaring and averaging Eq. (10.395) and using Eqs. (10.389) and (10.390), we find the variance of the phase
noise as

(10.397)

y(N, = m)Lyy |
"o 2F '

2 p
= — + 2pE
= gy +20e [

So far, we have ignored the impact of ASE due to other amplifiers. In the presence of ASE due to other
amplifiers, the expression for the optical field envelope at mL,— given by Eq. (10.384) is inaccurate since it
ignores the noise field added by the amplifiers preceding the mth amplifier. However, when the signal power
is much larger than the noise power, second-order terms such as ngr and néi can be ignored. At the end of the
transmission line, the dominant contribution would come from the linear terms n,; and n; of each amplifier.
Since the noise fields of amplifiers are statistically independent, the total variance is the sum of the variance
due to each amplifier,

Na
o= 0'31
m=1
2N,~1
pNa yLeff 2
= 2pE N,—m
o [ T ,,,2:1( )

pN, . (N, = DN, 2N, — DpEy*LY;

10.398
°E 37 ( )

Refs. [55-58] provide a more rigorous treatment of the nonlinear phase noise without ignoring the
higher-order noise terms. From Eq. (10.398), we see that the variance of the linear phase noise (the first
term on the right-hand side) increases linearly with the number of amplifiers, whereas the variance of the
nonlinear phase noise (the second term) increases cubically with the number of amplifiers when N, is
large, indicating that nonlinear phase noise could be the dominant penalty for ultra-long-haul fiber-optic
transmission systems. In addition, the variance of linear phase noise is inversely proportional to the energy of
the pulse, whereas the variance of nonlinear phase noise is directly proportional to the energy. This implies
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that there exists an optimum energy at which the total phase variance is minimum. By setting do? /dE to
zero, the optimum energy is calculated as

E = b \/ 3 (10.399)
o=\ 2N — DN, = 1) '

When N, is large, (N, — 1)(2N, - 1) = 2N3 and using Eq. (10.394), we find that the phase variance is
minimum when the deterministic nonlinear phase shift ¢, ~ 0.87 rad. Eqs. (10.397) and (10.398) are derived
under the assumption that dispersion is zero. In the presence of dispersion, Eq. (10.397) is modified as [60]

p
o2 = T 2pE[ygs(mL,)*1. (10.400)
where - .
g (x) = \/—(;_TRe{ / G(s)ds}, (10.401)
2
G(s) = a(s) (10.402)

VU T2AENTS +35%5) + 2T2S)
T3 —iS(s)

AGs) = 5————.
© ToIT; + i3S(9)]

(10.403)

T, and S(z) are defined in Section 10.9. If a dispersion-managed fiber with zero mean dispersion per span is
used, the total variance can be expressed in a form similar to Eq. (10.398) [60],

> _ PNg . (N, — DN, (2N, = D)pE(yhy;)?
T 2FE 3 ’

LLI
hg = %Re {/0 G(s)ds} , (10.405)

Comparing Egs. (10.398) and (10.404), we see that these two expressions are the same except that L /T,
is replaced by hy;.. For a highly dispersive system, /. is much smaller than L /7|, and, hence, the variance
of nonlinear phase noise due to SPM is much smaller in a highly dispersive system. Eq. (10.404) does not
include contributions due to IXPM. Even if IXPM contributions are included, numerical simulations have
shown that for highly dispersive systems, the variance of nonlinear phase noise (signal—noise interaction)
is much smaller than that due to IFWM and IXPM (signal—signal interactions). In a WDM system, interac-
tion between ASE and XPM leads to nonlinear phase noise as well [76]. Using the digital back propagation
technique discussed in Chapter 11, it is possible to compensate for deterministic (symbol pattern-dependent
signal—signal interactions) nonlinear effects, but not for nonlinear phase noise (signal—ASE interactions).
So, when the DBP is used to compensate for intra- and interchannel nonlinear impairments, nonlinear phase
noise is likely to be one of the dominant impairments.

(10.404)

[

Example 10.7

A rectangular pulse of peak power 2 mW and pulse width 25 ps is transmitted over a periodically amplified
dispersion-free fiber-optic transmission system operating at 1550 nm. The fiber-optic link consists of 20
amplifiers with an amplifier spacing of 80 km. The parameters of the link are as follows: nonlinear coefficient
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y =11W=km™, loss coefficient a« = 0.0461 km™!, spontaneous emission factor ng, = 1.5. Find the
variance of (a) linear phase noise, (b) nonlinear phase noise at the receiver.

Solution:
The PSD of ASE is
p = hf(G - Dn,,
G = exp (aL,) = exp (0.0461 x 80) = 39.96,

_ 8
F= o 33X 4 19354THz,
2 1550 x 102

p=6.626x1073* x 193.54(39.96 — 1) x 1.5 = 7.495 x 10718 J.

The pulse energy is
E=PT,=2x1072x25x 10727 =5x1071*7.

The variance of linear phase noise is

> Nep 20%7.495x 10718

2 _ -3 2
op. = E 5% 5 x 10-14 rad® = 1.499 x 107 rad”.

The effective length is
l—exp(-aL,) 1-—exp(-0.0461 x 80)
a - 0.0461

The variance of the nonlinear phase noise is

Lyt = km = 21.14 km.

272
0_2 _ (Na - I)Na(ZNa — DpEy Leff
nl — 2
372
_19%x20X39x7.495x 10718 x 5 x 107'* x (1.1 X 107 x 21.14 x 10%)? a
a 3% (25 % 10-12)2

d2
=1.603 x 1073 rad?.

The total variance is
2 2 2
Oiot = Ojin, T 0y
=1.499 x 1073 + 1.603 x 1073 rad®

=3.102 x 1073 rad?.

10.11 Stimulated Raman Scattering

When a light wave propagates in a medium, a small fraction of light emerges in directions other than that
of the incident wave. Most of the scattered light has the same frequency as the incident light, a small part
has frequencies different from the incident light. This phenomenon was first observed by Raman [77] (and
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Figure 10.32 Stokes and anti-Stokes Raman scattering.

independently by Landsberg and Manderlstam [78]) in 1928. The molecules in the medium have several
vibrational states (or phonon modes). When a light wave (photons) interacts with sound waves (phonons), the
frequency of the light wave is shifted up or down. The shift in frequency gives information about the phonon
modes of the molecules. When the scattered photon has a frequency lower than the incident photon, it is
known as Stokes shift. Stokes Raman scattering can be described quantum mechanically as the annihilation
of a pump photon of energy hw,, and the creation of a Stokes photon of lower energy w,, and absorption
of the energy n(w, — ;) by the molecules by making transition from a low-energy vibrational state to a
high-energy vibrational state (see Fig. 10.32). A lower-energy photon has lower frequency and, therefore,
Stokes Raman scattering leads to a red shift of the incident light wave. If the molecule makes transition from
a high-energy vibrational state to a low-energy vibrational state in the presence of an incident pump of energy
hw,, the difference in energy is added to the incident photon, leading to a photon of higher energy 7w, (which
is of higher frequency). This is known as anti-Stokes Raman scattering. Raman scattering is quite useful in
chemistry, since vibrational information is specific to the chemical bonds and symmetry of molecules.

Spontaneous Raman scattering is typically very weak. In 1962, it was found that an intense-pump optical
wave can excite molecular vibrations and, thereby, stimulate molecules to emit photons of reduced energy
(a Stokes wave), to which most of the pump energy is transferred [79]. This is known as stimulated Raman
scattering. The interaction between the pump and the Stokes wave is described by the following coupled
equations under CW conditions [80]:

di,

¥ grl, I, — a1, (10.406)
de w,

v — &Ll - a1, (10.407)
S

where 7, and 7 are the optical intensities of the pump and the Stokes waves, respectively, a, and a, are the
fiber loss coefficients at the pump and the Stokes frequencies, respectively, and gz(€2), Q2 = w, — w; is the
Raman gain coefficient. The amplification of the Stokes wave by the pump wave can be understood from

Egs. (10.406) and (10.407). To simplify the analysis, we assume that the pump intensity is much larger than
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the Stokes intensity so that the depletion of the pump due to Stokes wave amplification can be ignored. Eq.
(10.407) may be approximated as

dl

P~
E = —aplp, (10408)
1,2)= Ip(O)e_"’PZ. (10.409)
From Eq. (10.406), we have .
2 = gL, (0)e™ " —a,. (10.410)
Integrating Eq. (10.410) from O to L, we obtain
LMY _ 7,00)L L 10.411
n 1.(0) =8Rr p( ) effp — ¥slo (10. )
N
where the effective length of the pump, L ,, is given by
1 —exp (—apL)
Ly, = — Y (10.412)
P
Rearranging Eq. (10.411), we find
I,(L) = I,(0)e %E8rlpOLetip (10.413)

The Stokes wave is amplified if g7,(0)Lys, > a,L. If a signal (Stokes wave) is down-shifted in frequency
by about 14 THz, it would have the highest amplification since gz(€2) is maximum when the frequency shift
is about 14 THz (see Fig. 6.21).

Example 10.8

Stokes and pump beams co-propagate in a fiber of length 2 km. The Raman coefficient of the fiber gp =
1 x 107" m/W, input Stokes’s signal power = —10dBm, input pump power = 20dBm, «, = 0.046 km™!,
a, =0.08 km™!, and effective area of the fiber = 40 um?. Calculate the Stokes signal power at the fiber output.

Solution:
The Stokes and pump powers in a fiber may be approximated as
P
1, ~- 2 (10.414)
PR A
So, Eq. (10.413) can be rewritten as
P(L) = PS(())e—asL‘i'gRPp(O)Leff,p/Aeff’ (10.415)
P,(0) (dBm) = 20 dBm. (10.416)

Pp(o) = 10Pp(0) (dBm)/lO mw
=100 mW, (10.417)

P.(0) (dBm) = —10dBm, (10.418)
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PS(O) — IOPS(O) (dBm)/lO mw

=0.1mW, (10.419)
1 —exp (—a,L)
Ly,=—— 2"
eff,p ap
_ 1 —exp(-0.08 X 2)
~ 0.08x 1073
= 1.848 km, (10.420)
8rPy(O)Lerr, 1% 10713 x 100 x 1073 x 1.848 x 10°
Aeff 40 x 10-12
=0.462, (10.421)
a,L = 0.092. (10.422)

So, the gain dominates the loss. From Eq. (10.413), we find

PS(L) — PS(O)e—0.092+0.462
=0.1447 mW. (10.423)

10.11.1 Time Domain Description

In the time domain, stimulated Raman scattering can be explained as follows [81]. When a high-intensity
optical pulse interacts with a molecule, it perturbs the electronic structure of the molecule and results in
intensity-dependent polarizability of the molecule (see Section 10.2). This electronic effect occurs on a time
scale shorter than the pulse width of the optical pulse, and it can be considered instantaneous. However,
perturbation of the electronic structure by the optical pulse also perturbs the Coloumb interaction between the
nuclei and the electronic structure, which can excite molecular vibrations. These vibrations, in turn, perturb the
electronic structure, leading to a delayed change in polarizability. The time- and intensity-dependent change
in polarizability (or equivalent refractive index) associated with the excitation of a molecular vibration is the
Raman effect, whereas the instantaneous intensity-dependent change in polarizability is the Kerr effect.

As mentioned in Section 10.4, the Kerr effect is taken into account by the term y|g|?q in the nonlinear
Schrodinger equation. In the presence of the Raman effect, it can be modified as [82]

[se]

Y|g(T, 2)* = y(1 = )|g(T, 2)|* + ya / h(s)|g(T — s,2)|*ds, (10.424)

—o0
where « is the fraction of the nonlinearity resulting from the Raman contributions and A(T) is the normalized
Raman response function, with

/ " WT)dT = 1 (10.425)

o0

and h(—|t]) = O to ensure causality. The response function A(T) is specific to the medium and the imaginary
part of its Fourier transform is related to the Raman gain coefficient g(€2) [81, 83]. Let

P(T,Z) = |¢(T, 2)|?, (10.426)
P(T —s,Z) = |q(T — 5,2)|*. (10.427)

www.EngineeringEBooksPdf.com



482 Fiber Optic Communications

The Taylor series expansion of P(T' — s,Z) around T is

2 ()2 P
P(T -5,2)=P(T,Z) — s— + L 3372 + ... (10.428)
If the spectral width of the signal is sufficiently small, terms that are proportional to s*> and beyond may be
ignored. Under this condition, Eq. (10.424) becomes

® d|q(T,2)|?
.20 =y = laT. D + ra | [|q<T,Z>|2 ~ QLD sy (10.429)
Using Eq. (10.425), Eq. (10.429) is rewritten as
d|q(T, 2)|?
v1a(T. D)1 - ylq(T. 2)|* - K%, (10.430)
where .
K= ya/ sh(s)ds. (10.431)
Substituting Eq. (10.430) in Eq. (10.81), we obtain
0 P, 0%q 2 .aq _ 0lq(T.2)P
4 _2-1 L g 10.432
9z 2o trllarigy =K (10.432)

Eq. (10.432) is the modified nonlinear Schrodinger equation and the term on the right-hand side denotes
the Raman contributions. The energy exchange between the pump and the Stokes waves can be understood
from Eq. (10.432) by considering the pump and Stokes waves as CW:

q=9,+4, (10.433)
q, =A™, (10.434)
g, = Ae 5T, (10.435)

where A, and A, denote the complex amplitudes of pump and Stokes’s waves, respectively, and €2, and €,
are the corresponding angular frequency offset from the reference. Let us first consider

lg1* = 14,17 + 1A, + 4,477 + A7 A (10.436)
dlq? 4 .
%q = (—iQ)A A Pe T + IQA|A, P> +terms at 2Q, - Q, and 2Q -Q .  (10.437)
where
Q=0,-Q. (10.438)
Substituting Eq. (10.437) in Eq. (10.432) and collecting the terms that are proportional to e~ “*»T and %7
we find
p )
’d_z + SA, + 1A 1P +2IA,11)4, = ~ikQIAPA, - ad, (10.439)
dZ ﬁ;sz?As +r{A P + 214,124, = ik QA |PA, — aA,. (10.440)
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Eqgs. (10.439) and (10.440) represent the evolution of the complex amplitudes of the pump and the Stokes
waves. To obtain the expression for the energy exchange between the pump and the Stokes waves, we multiply
Eq. (10.439) by A; and subtract its complex conjugate to obtain

dP,
— = —gP,P, —aP,, (10.441)

where P, = |Ap|2 and g = 2k Q. Similar operations on Eq. (10.440) leads to

dP,
i gP,P;—aP,. (10.442)
From Eqs. (10.441) and (10.442), we see that the gain coefficients at the pump and the Stokes frequencies are
identical, but they are not the same in Egs. (10.406) and (10.407). This is because of our linear approximation
(first term in the Taylor expansion) to the Raman time response function.

SRS has a number of applications. If an intense Raman pump is launched to the fiber, it can amplify a weak
signal if the frequency difference lies within the bandwidth of the Raman gain spectrum. SRS can also be used
to construct Raman fiber lasers which can be tuned over a wide frequency range (~10 THz) [84—88]. In other
types of fiber amplifiers, the SRS process can be detrimental since the pump energy is used to amplify the
range of wavelengths over which amplification is not desired. In WDM systems, a channel of higher frequency
transfers energy to a channel of lower frequency, leading to Raman cross-talk and performance degradations
[89-91].

10.12 Additional Examples

Example 10.9

When the bandwidth of the WDM signal and/or the dispersion slope are large, f; can not be ignored. In this
case, show that the phase mismatch factor given by Eq. (10.216) should be modified as

p
ABjan = (2, — ;) [ﬂ2 + ?3(Qj + Qk)] . (10.443)
Solution:
B=fo+ 119+ 202 + B (10.444)
j — PO 155 ) j 6 i > g,
Q= Qj +Q, —Q,. (10.445)

Consider the contribution to the phase mismatch Ap;,,, due to the last term of Eq. (10.444),

B B
E[Qj +Q -0 -0 = g[gj +Q) - Q) — (@ + @ -Q)°]. (10.446)
Using the formula
(a+b+c) =a®+b*+3d°b+3ab* + A + 3(a + b)*c + 3(a + b)c?, (10.447)
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Eq. (10.446) is simplified as

P33 L 03 o 3, 03 2 2 o3 2 2
2R + 0} - 0 - 19 + Q) + 3070, + 39,0 - O - 3(Q; + QUL + 3@+ A}
B
= -2 (3QQUQ + Q) + 3@ + QAL - 2 - Q)
= —%(gj +Q(QQ - Q0,). (10.448)

Adding the contributions due to f; and f,, Eq. (10.216) is modified as

Ay = (€8, — Q] [ﬁz + %(Qj & Qk)] . (10.449)

Example 10.10

A WDM system has five channels centered at [Af, [ = —-2,—1,0,1,2, Af = 50 GHz. The launch power
per channel is 3dBm, and the channels are CW. The transmission fiber has the following parameters:
a=0.046km™!, L = 20 km, p, =4 pszlkm, andy = 1.8 W-!km~". The initial phases of the channels are
0_,=05rad, 6_; =—0.7rad, 6, = 1.2rad, 6, = 0.8rad, and 6, = —1rad. Find the FWM power on the
central channel (/ = 0). Ignore f;.

Solution:
The FWM tones falling on the central channel should satisfy the condition

(G +k—DAf =nAf =0. (10.450)

The possible triplets are shown in Table 10.2. Here, ND and D refer to non-degenerate and degenerate FWM
tones, respectively. From Eq. (10.216), we see that Af;,, is invariant under the exchange of j and &, i.e.,

ABiin = AByin- (10.451)

Hence, the FWM tones corresponding to {j, k,/} and {k,j,/} should be identical. For example, the triplets
{-2,1,—1} and {1,—-2, -1} produce identical FWM tones. So, we need to consider only the tones listed in
Table 10.3. First consider the triplet {2, 1, —1}. The FWM field for this triplet is given by Eq. (10.221),

(1- 6—5—2,1,—1,0L)

€TI0 1) = jy /2 THA 2 > : (10.452)
-2,1,—-1,0
S 1—10=a—1AB 5 19
=a+i,Q_,Q,
=0.046 x 1073 —i4 x 107" x (27 x 50 X 10°)> x (=2)m™!
=4.6%x107 +7.89x 1074im™!, (10.453)
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A0, 1=05+0.8~-(=0.7) rad
=2rad, (10.454)
P(dBm) = 3dBm, (10.455)

P(mW) = 107@Bm/10 myy
=2mW. (10.456)

Substituting Eqs. (10.453), (10.454), and (10.456) in Eq. (10.452), we find
s OL) = (<08 + 1.6 i) x 107 VW. (10.457)

Similarly, the FWM fields due to other triplets are

0Ly = 333 107 =3.92x 1070 i) VW, (10.458)
20 = 2,034 1.9 ) x 107 VW, (10.459)
IOy = 228 — 1.6 i) x 1074 VW, (10.460)
eTOL) = (—1.4 - 112 D) x 1074 VW, (10.461)
"PO(L) = (1435 - 2.394 i) x 1074 V/W. (10.462)

The total FWM field is

€0 = 26(_2’1’_1’0) + 26(—2,2,0,0) + 26‘(_1’1’0’0) + 26(_1’2’1’0) + 6(1’1’2’0) + €(—l,—l,—2)

=(3.64 —3.509 i) x 107" /W, (10.463)
The FWM power at the fiber output is

Prwn = l€o]? = 2.56 X 1074 mW. (10.464)

Table 10.2 FWM tones on the central channel.

J k 1 Type
-2 1 -1 ND
-2 2 0 ND
-1 -1 -2 D
-1 1 0 ND
-1 2 1 ND

1 -2 -1 ND

1 -1 0 ND

1 1 2 D

2 -2 0 ND

2 -1 1 ND
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Table 10.3 FWM tones on the central channel with the degeneracy factor.

Tone number Number of tones Jj k l Type
1 2 -2 1 -1 ND
2 2 -2 2 ND
3 2 -1 1 0 ND
4 2 -1 2 1 ND
5 1 1 1 2 D
6 1 -1 -1 -2 D

Example 10.11

For a single-span dispersion-free fiber, find the nonlinear distortion up to second order using the perturbation
theory.

Solution:
When g, = 0, from Eq. (10.252), we have
U

id—Z = —a*(Z)|up|uy. (10.465)

For a single-span system, a*(Z) = exp (—aZ). From Eq. (10.255), we have u, = k. Integrating Eq. (10.465)
and using u; (7, 0) = 0, we obtain

u (T, Z) = iZk|?k, (10.466)
where | — exp (—aZ)
— X (0
Z= ) (10.467)
a

From Eq. (10.253), we have

s _; 2)QiZgr K|k — iZygr K|k
E—lexp(—a YRUZgi | k| k — iZg | k| k)
—aZ)— —2aZ
_FCaD) - xp (2D |y, (10.468)
a
Integrating Eq. (10.468), we obtain
1—exp(—aZ) 1—exp(—2aZ)
u(T,2) = - [ e ] ik
a 2a
kI*k _,
= —TZeff. (10.469)
The total solution up to second order is
U=uy+yu + y2u2
21k|4Zss”
=k<1 +iy|k|zzeff—% ) (10.470)
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Example 10.12

The evolution of the complex field envelope in a periodically amplified fiber-optic system is governed by

N
0q  p2) 0%q s a@)
imr =~ = + 1@l =~ q+iA Y, 8(Z —nL)q(T,nL, ), (10.471)

n=1

where

Pr(Z) =Py for 0 <mod(Z,L,) <L,
=0 otherwise, (10.472)

y(Z)=y, for 0 <mod(Z,L,) <L,
=0 otherwise (10.473)

a(Z)=a, for 0 <mod(Z,L,) <L,

=0 otherwise (10.474)
Using the transformation
9(Z,T) = a(Z)u(Z,T), (10.475)
show that ou b@Dou v, 2
la—Z - e + Ea Z)|ul"u =0, (10.476)

a(Z) =e %%/ for 0 <mod(Z,L,) <L,
=1 otherwise. (10.477)

Assume that the fiber loss is exactly compensated by the amplifier gain.

Solution:

Consider the propagation over a short length from nL,_ to nL,_ + AZ corresponding to the amplifier located
at nL,. In this short length, f,(Z) = y(Z) = a(Z) = 0. Integrating Eq. (10.471) from nL,_ to nL,_ + AZ, we
obtain

nL, +AZ q nL,_+AZ
i/ —dZ = iA/ o(Z —nL,)q(T,nL, ), (10.478)
nL, dz nL,_
q(T,nL,_ + AZ)—q(T,nL,_) =Aq(T,nL, ), (10.479)

¢(T.nL,_ + AZ)

=A+1. (10.480)
q(T,nL, )

Since q(T,nL,_ + AZ) and (T, nL,_) represent the amplifier output and input, respectively, we have

q(T.nL,_ +AZ) = \Gq(T,nL,.), (10.481)
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where G = exp (ayL,) is the power gain of the amplifier. Comparing Eqs. (10.480) and (10.481), we find

A=vG-1. (10.482)
Substituting Eq. (10.475) in Eq. (10.471), we find

.da . ou P(@D 4
n— +ia— — —Lg—

2 &
e =—i—~
4z "5z = g Yop tralala = —imau

N
+(VG = 1) Y 8(Z — nL,)a(nL, Ju(T.nL,_). (10.483)
n=1
Let
d N
a —aau
u =+ VG- 1) ; 8(Z — nL,)a(nL, )u(T,nL, ), (10.484)
so that Eq. (10.483) becomes
.ou ﬂz 0214 2 2.
l()Z 2 372 +ya“(Z2)|ul‘u = 0. (10.485)

Note that the optical field g increases abruptly at amplifier locations. Using the transformation of Eq. (10.475),
the amplitude fluctuations due to fiber loss and amplifier gain are separated out so that u(7,Z) changes
smoothly as a function of Z, i.e.,

w(T,nL, ) =u(T,nL,,). (10.486)

Consider the region 0 < mod(Z,L,) < L,. In this region, a(Z) = a; and the second term on the right-hand
side of Eq. (10.484) is zero. Solving Eq. (10.484), we find

a(Z) = a(0)e~ %%/, (10.487)

Here a(0) could be chosen arbitrarily. For convenience, let a(0) = 1. Next, consider the length from nL,_ to
nL,_ + AZ. Integrating Eq. (10.484) from nL,_ to nL,_ + AZ, we find

a(nL,_+ AZ) —a(nL, ) = (VG - Da(nL,_), (10.488)
a(nL,_ + AZ) = VGa(nL,_ ) = \/Ge™®a/? = 1. (10.489)
Combining Eqs. (10.489) and (10.487), we find

a(Z) =e %%/ for 0 <mod(Z,L,) <L,
=1  otherwise. (10.490)

Fig. 10.33 shows a plot of a(Z) as a function of Z. Note that a(Z) jumps by \/5 at the amplifier locations.
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a(z) 4

=
=
~ny

Figure 10.33 Plot of a(Z) vs. distance Z.

Example 10.13

Show that the Fourier transformation of |ug|?u, is

P T
Fllugl?uy} = \/7219, L €xp [ + (i — d)* /4C),

|T,|>T, i
where
\/ VPoTy (T - nTS)Z]
MO b -~ B
,,_Zoo [ 213
D) o
_ 3T0 +iS
2ATE+5)
[+ m+m)Ty +i(l +m—n)SIT,
a T} + 52 '
3 (2 + m* + n))T; + (2 + m* — n?)iS|T?
& 2TE+ ) '
Solution:
Let
@) (10.491)
r=exp|———|, -
I p 2T2
Pz/z -
|uo |1y = Ugllglty = ———— Z br; 2 byt Z b,r
IT | T l I=—x n=—00
P 3/2 3
bb,,b 10.492
|T1 T, %‘1 1Ombp i1 ( )
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(T - lTs)z - (T B st)2 (T B nTs)z
217 2T)*

-
rir,r, = €Xp

=exp [-(CT* - dT) - g,

where
375 +iS
AT+ )
[+ m+ n)Tg +i(l+ m —n)S]T,
= 4 9
T, + 82
(P + m* + n))Ty + (2 + m* — n?)iS|T?
o AT +$2) '
F{rr,r,} =exp(=g) / exp [<(CT? — dT) — iwT)dT
= exp (—g)/ exp [—C(T? + 2xT + x*) + Cx*1dt,
h
where x_ D d
- 2C
F{rr,r} =exp(—g+ sz)/ exp [-C(T + x)*1dT.
Let
u=VCT+x) and du=\cCdr,
F{rr,r,} =exp(-g+ Cx2)%/_ / exp (—u®)du
CJ-
= \/jexp [—g + (iw — d)* /4C),
3/2 3
F{lugl?uy) = > \/72b,bmbn exp [g + (iw — d)? /4C].
|T I Tl Imn

Example 10.14

Find the variance of ‘1’ in a direct detection OOK system due to linear and nonlinear distortion.

Solution:
From Eq. (10.308), we obtain
<L >=4Py ) Y. <byb, > Suy, 0l
n;é(()x, mr;;(c)xa
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For OOK, we have

<b,>=1/2, (10.504)
1/4 if
<bb, >= /4 AT nsm (10.505)
1/2 if n=m,
<8I >=P, Z 26u,  + Z Z Sty St | (10.506)
e "0 g0
m#n
<l >= Py Y Suyy (10.507)
"0
5 2T2
ol =< 6L > — < 8l>* = P 2 dub, =Py 2 P | = | (10.508)
n;éO n#O
From Eq. (10.309), we have
<8l >=2y\/PRe | Y <bb,b,> 5u,,,m] : (10.509)
I+m—n=0
< blbmbn >= W, (10510)

where r(/, m, n) is the number of non-degenerate indices in the set {/, m, n}. For example, if {/,m,n} = {2,5,7},
none of the indices are equal (I # m # n) and hence r(l,m,n) = 3; in a set {/,m,n} ={0,3,3} (I #m = n),
r(l,m,n) =2;if l=m=n, r(lLm,n) = 1.

<O >=477Py Y Y <bb,b,bb)b}, > Re(B11, )Re(Slty,), (10.511)
I+m—n=0"+m’ —n' =0
< byb, b, bbbl >= L (10.512)

2x(l,m,n,l’ mal)’

where x(I,m,n,I’,m’,n") is the number of non-degenerate indices in a set {/, m,n,l’,m’,n’}. For example, if
{Lm,n,lI',m' ,n'} ={1,2,3,2,3,5}, xis 4. Using Egs. (10.509) and (10.511), the variance is calculated as

2 _ 2 o 2
o, =<6l >—<46l,>

=47Py ). D < ! — ! )Re(éulmn)Re(éu,/m,n/). (10.513)

e i SR 2x(l,m,n,l’,m’,n’) 2r(l,m,n)+r(1’,m’,n’)
—n= m! —n/ =

Exercises

10.1 Discuss the origin of the nonlinear refractive index.
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10.2

10.3

104

10.5

10.6

10.7

10.8

10.9

10.10

10.11

10.12

10.13

A Kerr medium has a cross-sectional area of 500 pm?. Calculate the optical power required to change
the refractive index by 1078, Assume n, = 3 x 10729 m?/W.

(Ans: 166.66 W.)

The nonlinear coefficient of a single-mode fiberis 1.2 W~! km™". Calculate the effective area. Assume
ny = 2.5 x 1072 m?/W and wavelength = 1530 nm.

(Ans: 85 pmz.)

A fiber-optic system has the following parameters: span length = 75 km, number of spans = 20,
fiber loss = 0.21 dB/km, Kerr coefficient n, = 2.6 X 10720 m2/W, wavelength Ay = 1540 nm, effec-
tive area = 50 pm?. Find the upper limit on the transmitter output power so that the nonlinear phase
shift accumulated over 20 spans is less than 0.5 rad.

(Ans: 0.585 mW.)

The effective length of a fiber L. is 18 km and fiber loss = 0.17 dB/km. Find the fiber length.
(Ans: 31.15km.)

A single Gaussian pulse of width (FWHM) 20 ps and a peak power of 10 mW is transmitted in a
dispersion-free fiber over 80 km. Find the nonlinear phase shift at the center of the pulse at the fiber
output. Assume y = 2.2 W~ km™! and fiber loss = 0.2 dB/km.

(Ans: 0.465rad.)

Solve the previous exercise numerically using the split-step Fourier scheme (see Chapter 11) and
verify the analytical calculations.

Repeat Exercise 10.7 if #, = —2 ps?/km (instead of 0 ps?>/km). Is the nonlinear phase shift at the center
of the pulse smaller? Explain.

Explain the differences between the instantaneous frequency of a pulse due to (i) SPM, (ii) anomalous
dispersion, and (iii) normal dispersion.

Discuss the properties of a soliton in single-mode fibers.

A modulated pump with a modulating frequency of 8 GHz co-propagated with a weak CW signal.
Fiber loss = 0.18 dB/km, length L = 80 km, walk-off parameter d = 13.2 ps/km, signal wavelength
= 1530 nm, and pump wavelength = 1530.78 nm. Calculate the XPM efficiency.

(Ans: 9.72 x 1074
Explain the differences between XPM and FWM.

A WDM system consists of three channels centered at Af, 2Af, and 3Af with Af = 100 GHz. Fiber
loss coefficient @ = 0.0461 km™', fiber length L = 60km, and p, = —4ps/km. Calculate the effi-
ciency of non-degenerate as well as degenerate FWM tones at 4Af. Ignore f;.

(Ans: Non-degenerate, 2.27 X 1074; degenerate, 8.66 X 1074)
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10.14 Two Gaussian pulses of width 40 ps separated by 25 ps are transmitted in a dispersion-free fiber over
80 km. Find the nonlinear phase shift at the center of either of the pulses at the fiber output. Assume
y=22W-! km~!, fiber loss = 0.2 dB/km, and peak power =4 mW.

(Ans: 0.466rad.)

10.15 In a 10-Gb/s fiber-optic system based on BPSK operating at 1530 nm there are N, in-line amplifiers
with a noise figure of 4.5 dB. NRZ rectangular pulses are used with a mean power of 0 dBm. The
fiber parameters are as follows: y = 2.2W~'km™" and « = 0.0461km™'. The variances of linear
and nonlinear phase noises at the fiber output are found to be 2.27 x 1073 rad” and 3.98 x 103 rad?,
respectively. Calculate the amplifier spacing. Ignore dispersion.

(Ans: 100 km.)

10.16 Discuss stimulated Raman scattering in optical fibers.

10.17 In a partially Raman amplified fiber-optic system, it is desired that the gain provided by the Raman
pump is 10dB. The Raman coefficient of the fiber = 1 x 10~'3 m/W, signal loss a, = 0.046km™!,
pump loss a, = 0.09 km™!, length = 80km, and effective area of the fiber = 80 um2. Assuming that
the pump co-propagates with the signal, calculate the input pump power.

(Ans: 431 mW.)
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11

Digital Signal Processing

11.1 Introduction

The key component that revived coherent fiber communications in the mid-2000 was high-speed digital signal
processing. In the 1990s, coherent receivers used optical phase-locked loops (OPLL) to align the phases and
dynamic polarization controllers to match the polarization of the received signal with that of the LO. However,
dynamic polarization controllers are bulky and expensive [1], and each channel of a WDM system needs a
separate polarization controller. Phase locking in the optical domain using OPLL is difficult as well. With
the advances in high-speed DSP, phase alignment and polarization management can be done in the electrical
domain, as discussed in Sections 11.5 and 11.7, respectively. Linear impairments such as chromatic dispersion
(CD) and polarization mode dispersion can be compensated using equalizers, as discussed in Sections 11.6
and 11.7, respectively. It is also possible to compensate for the interplay between dispersion and nonlinearity
by using digital back propagation (DBP), in which the nonlinear Schrodinger equation is solved for a virtual
fiber whose signs of dispersion, loss, and nonlinear coefficients are opposite to those of the transmission fiber.
DBP is discussed in Section 11.8.

11.2 Coherent Receiver

Fig. 11.1 shows a schematic of the coherent IQ receiver with digital signal processing. The in-phase and
quadrature components of the received signal can be written as (see Chapter 5, Eqgs. (5.114) and (5.118))

v; = RA,A; gRe{s(t) exp [—i(wrt + Ap)]}/2, (11.1)
Yo =RA,A| oIm{s(r) exp [—i(wpt + Ad)]}/2, (11.2)

where s(¢) is the transmitted data:
sty =) a,8(t —mT,), (11.3)

T, is the symbol period, and g(¢) represents the pulse shape. Eqgs. (11.1) and (11.2) have to be modified to take
into account the noise and delays due to 90° hybrids:

y, = KRe{s(t — 6,) exp [—iRxf(t — 8;) + Ad)] + n(t)}, (11.4)
Yo = KIm{s(t — 5p) exp [~iQafip(t — o) + AP)] + n(0)}, (11.5)

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 11.1 Block diagram of a coherent IQ receiver. LO = local oscillator, PDs = photodiodes, ADC =
analog-to-digital converter, DSP = digital signal processing.

where K = R\/P,P; /2, n() represents noise due to ASE and shot noise, and 6, and 6, are the delays
introduced by 90° hybrids and other parts of the coherent receiver. The constant K has no impact on the
performance. So, from now on, we set it to unity. An ADC discretizes the analog signal at a sampling rate
Rgmp = By, where By = 1/T is the symbol rate. Typically, two samples per symbol are required. The samples
are combined into a complex number. The outputs of the ADC are written as

yl,l = Re{sl’l exXp [_l(zﬂ'fiF(tl - 51’1) + A(tbl)] + nl}, (1 16)

Yoo =1Im{sg exp [-iQxfip(t; — 6o, + APl + 1y}, =12, ..., (11.7)
where s;; and s, ; are the samples of s(r — 6,) and s(t — &), respectively, at t = [T, Tamp = 1/Rgmp- 1y 18
the sample of the noise at 7 = IT,,,,. DSP performs the complex addition to obtain the received signal as

Y=Yt o (11.8)

In general, 6, could be different from 6. Therefore, s;, and s, ; may be different, and the real and imaginary
parts of ¥, may not correspond to the same symbol, which could lead to symbol errors. However, this is a
systematic error and can be corrected easily. Using the DSP, the delays experienced by /- and Q-channels can
be removed. After correcting for 6; and 6, we have

Y = X exp [—l(zﬂfiFtl + A(i)l)] + n;, = 1, 2, cee s (1 19)
where x; = 5; = (T gmp)-

11.3 Laser Phase Noise

The output of a single-frequency laser is not strictly monochromatic but rather has frequency deviations that
change randomly. The output field of a fiber-optic transmitter may be written as

qr(t) = Aps(t) exp {—i[2xf.t — (D]}, (11.10)

where s(7) is the data, f, is the laser mean frequency, and ¢(¢) is the laser phase noise. The instantaneous
frequency deviation can be written as (see Eq. (2.165))

__1dé
T 2modr

The instantaneous frequency deviation is a zero-mean Gaussian noise process with standard deviation oy.
Integrating Eq. (11.11), it follows that

(11.11)
t

o) = P(ty) — 277/ Sfi(v)dr (11.12)
fo
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is a Wiener process. If the interval (¢ — 7)) is sufficiently small, the integration can be replaced by the rectan-
gular rule. With (7 — 7)) = Ty

P = Pt - Tsamp) - Zﬂﬁ(t - Tsamp)Tsamp' (11.13)

After discretization, Eq. (11.13) becomes

¢l = ¢l—l - 2n'fi,l—lTsamp’ (1 114)

where ¢ = IT,,,. The phase noise can be interpreted as a one-dimensional random walk [2]. As an example,
consider a drunken man walking randomly on the road. Suppose that at every step there is a 50% chance
that he moves either forward or backward. After two steps, there is a 25% chance that he has moved two
steps forward, a 25% chance that he has moved two steps backward, and 50% chance that he is at his initial
position. After many steps, the mean distance traversed would be close to zero and there would be a large
number of different paths he could have traversed. Since the chance of moving forward or backward at a given
step is independent of the decision at the previous steps, the variance of distance traversed is proportional to
the number of steps. Similarly, in the case of laser phase noise, the phase of the sample » is incremented by
=27 T gumpfi -1, Where f; ;_ is a value of instantaneous frequency picked from the Gaussian distribution. From

Eq. (11.14), we have

-1
op; = () — Pp(0) = —27rTsamp Zflm (11.15)
m=0

Squaring Eq. (11.15), averaging, and noting that the frequency deviations at each step are independent, we
find
<oy >= 4n2Tfampzq§. (11.16)

Note that the phase variance is proportional to [. Solving the laser rate equations with Langevin noise terms,
we find [3]

<8¢ >=2mAVIT . (11.17)
where Av is the laser linewidth (FWHM). Comparing Eqgs. (11.16) and (11.17), we find
2 Av
o; = . (11.18)
f 2ﬂTSamlD

Fig. 11.2 shows a few possible evolutions of the laser phase ¢(f) when the linewidth Av is 5 MHz. Fig. 11.3
shows the evolutions of the phase for two different linewidths. It can be seen that the phase fluctuation is
larger as the linewidth increases.

The phase noise is present in the LO output as well, and the LO output field may be written as

QLO(I) = ALO exp {—l[zﬂ'fLot + d)LO(t)]}’ (1 119)

with

<8Pp o, >=2mAvolT, (11.20)

amp

where Av  is the linewidth of LO. The received signal after discretization is given by Eq. (11.9), with

Ad; = brx;+ ¢, — dros (11.21)
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Figure 11.2 Evolution of laser phase noise. Each curve corresponds to a different realization of the phase noise. The
laser linewidth = 1 MHz for all curves.
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Figure 11.3 Laser phase noise evolution for two different linewidths; Iw = linewidth. The fluctuations increase with
linewidth and time.

where ¢y ; is the phase noise due to the transmitter laser and ¢, is the constant phase shift due to propagation.
The variance of A¢, is
2 _ 2 2
Opp =< 5¢Tx,z >+ < 5¢Lo,z >

=27 {Avry + Ay o} 1T, (11.22)

amp*

Here, we have assumed ¢7x = ¢100 = 0 and ignored dispersion and nonlinear effects in the fiber-optic
channel.
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11.4 IF Estimation and Compensation

Nowadays, coherent optical communication systems use free-running LO lasers without any optical/digital
phase-locked loop (PLL). A typical temperature-stabilized DFB laser has a frequency fluctuation of about
+1.25 GHz [4]. External cavity lasers (ECLs) with linewidths < 100 kHz are also available. Typically, the
symbol rate is > 10 GBaud and, therefore, coherent receivers with free-running LO lasers may be considered
as intradyne receivers [5]. A constant IF offset causes the absolute value of the phase to increase with time,
which leads to erroneous phase decisions. IF offset should be removed before channel synchronization if the
intermediate frequency fip > 12.5% of symbol rate B;, or it can be removed after channel synchronization
if fip < 12.5% of B, [6]. After channel synchronization, the complex signal is given by Eq. (11.9). There
are various techniques to estimate fi, such as the phase increment algorithm [6, 7], Tratter IF estimation
algorithm, and Kay IF estimation algorithm [8]. In this book, we consider the phase increment algorithm
because of its simplitity. In the absence of laser phase noise (A¢; = 0) and phase modulation (x; = 1), the
phase shift between two consecutive samples y;, y,, is

A9 = 21fip Ty (11.23)

The objective of the frequency estimator is to estimate the phase shift A@ between two consecutive samples.
Fig. 11.4 shows a block diagram of the phase increment frequency estimator and compensator. First, the
current sample is multiplied by the complex conjugate of the previous sample. Using Eq. (11.9), we find

y,y}k_1 = x,x}k_1 exp [_i(znleTsamp + Ad; — Ad_ ]+ n;, (11.24)

where n) =xn; | +x; n+nn; s the effective noise. First consider the case n, =0 and A¢, =0.

Eq. (11.24) may be rewritten as

yly;k_l = |xl”xl—1 | exp [_i(Z”fIFTsamp + ex,l)]’ (11.25)

where 0, = Arg(xlx;‘_l). For M-PSK systems, 0, , takes values 27z(m — nm)/M, m,n=0,1, ... ,M — 1. The IF
estimation is complicated by the presence of phase modulation and laser phase noise. For an M-PSK system,
if we take the Mth power of y;y}" |, 6, is multiplied by M, resulting in a phase that is an integral multiple of
27 and hence it can be ignored. From Eq. (11.25), we have

Arg{(yly;‘_l)M} = —(Zn'flstamp)M (11.26)
V-1 Yin1
i
> > x OM | 5,0 A
M
A0

\ 4

Figure 11.4 Block diagram of IF estimation and compensation.
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Figure 11.5 Phase vs. sample number for the back-to-back case with no phase modulation. Parameters: Tx laser
linewidth = LO linewidth = 50 kHz, f;z = 200 MHz.

or
A -1

Jie = 2z TsdmpMArg[(ylyl 1) I (112
However, in the presence of 7, and A¢,, the estimated frequency offset fi fluctuates from symbol to symbol.

Since n; and A¢; — A¢,_, are zero-mean random variables, the fluctuations can be minimized if we average

over N samples,

. -1
Jie = 5 Ar lZ(y;y, I)M] (11.28)

samp

The frequency estimate fi gets better as the block size N increases, as long as f;z remains constant over
the block size. The IF is removed by multiplying y, by exp (—iA@), where Af = —27f;:T. samp- Lhe solid and
broken lines in Fig. 11.5 show the phases with and without IF equalization, respectively, when the phase
modulation is turned off. In this example, we consider the back-to-back case with no fiber-optic channel
between transmitter and receiver. When IF equalization is not used, the phase increases constantly because
of the term 2xfpt; in Eq. (11.9). However, the Arg(-) function can not distinguish phases that differ by 2z
and produces results in the [—z, 7] interval. When the IF equalization is used, from Fig. 11.5, we see that
the phase fluctuations are quite small, indicating that the equalizer is effective in removing IF. These phase
fluctuations after the IF removal are due to laser phase noise. Equalization of the phase noise is discussed in
the next section.

Fig. 11.6(a) and (b) shows the constellation diagrams before and after the IF removal, respectively, for the
QPSK signal. Before the IF removal, the phase varies almost uniformly over the range of 0 to 2z. After the
IF removal, the phase is close to one of the transmitted phases 0, z /2, z, 37 /2.
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Figure 11.6 Constellation diagrams: (a) before IF removal, (b) after IF removal. Parameters: symbol rate = 10 GSym/s,
NRZ-QPSK, other parameters the same as in Fig. 11.5.

11.5 Phase Estimation and Compensation

The linewidth of ECL/DFB lasers used at the transmitter and receiver (as LO) ranges from 10 kHz to 10 MHz,
and the symbol rates are usually > 10 GSym/s. Therefore, the phase A¢, of Eq. (11.9) varies much more
slowly than the rate of phase modulation. By averaging the phase A¢, over many symbol intervals, it is
possible to obtain an accurate phase estimate [9].

There exist a number of techniques for phase estimation and compensating [9—13]. Here, we describe the
commonly used technique known as the block phase noise estimation or Viterbi—Viterbi algorithm [9, 10].
The block diagrams of the phase estimation technique are shown in Figs. 11.7 to 11.9. After removal of the
IF, the signal input to the phase estimator is

5, = x,exp (—iAdy) + n;. (11.29)

For M-PSK systems, the phase modulation effect is removed by taking the Mth power of the signal as before,

~ . M

GIM =[x exp (—=iA) + 1) (11.30)

Using the binomial theorem,
A+BM =AM 4 <A14> AM-1B 4+ <A24) AM2B? 4 ... 4 BM, (11.31)

Eq. (11.30) may be written as
M = x)exp (~iMAG)) + n], (11.32)

where

o= (M) 11 ex [—i(M — DA, In; + MY 2 [—i(M — 2)A¢n?> + - - -nM 11.33
=\ ) pl—i Ay 5 )X T exp i( YA I, n'. (11.33)

In Eq. (11.32), the first term is the desired term and n; is the sum of unwanted cross-terms due to signal—noise
and noise—noise beating. It can be shown that n; is a zero-mean complex random variable (see Example 11.2)
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Figure 11.7 Block diagram of an IF and phase compensator. Demux = demultiplexer, Phase Comp = block phase esti-
mator and compensator, Mux = multiplexer.
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Figure 11.8 Demultiplexing of the data into K blocks with each block consisting of N samples.
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Figure 11.9 Block diagram of a block phase estimator and compensator for the kth block.

and, therefore, if we average (7)) over N samples, the impact of 7/ can be minimized. First, the signal
is divided into K blocks with each block consisting of N samples, as shown in Fig. 11.7. In block k, k =

1,2, ... , K, the signal is raised to the Mth power and summed over N samples to obtain
kN kN kN
YooM= ) mMexp-iM@,+ Al + Y. nl, (11.34)
I=(k—)N+1 I=(k—1)N+1 I=(k—1)N+1

where 0, = Arg(x;). For M-PSK systems, |x;|¥ = A, is a constant independent of modulation. In Eq. (11.34),
we assumed that the A¢); is approximately constant within the block. M6, is an integral multiple of 27 and,
hence, it can be ignored. If N is sufficiently large, the last term in Eq. (11.34) is close to zero. So, we have

kN

D GpM = AN exp (—iMAG). (11.35)
I=(k—1)N+1
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From Eq. (11.35), we find

kN
L arg { Y (y,)M} = Ad, = AQ,. (1136)

M I=(k—1)N+1

Here, Aqﬁk is the phase estimate of the kth block. The signal sample ¥, is multiplied by exp (iAqak) to obtain
the estimate of the transmitted signal,

% = J,exp (iAdy). (11.37)

The computation in each block can be carried out using separate signal processors. Finally, the signal samples
in each block are combined using a multiplexer to obtain the serial data. The block size should be chosen
carefully. If NV is too small, the impact of the noise term n; in Eq. (11.32) can not be ignored. If N is too
large, the laser phase may drift and A¢; may not remain constant within each block. The block size should
be optimized based on the laser linewidth.

11.5.1 Phase Unwrapping

The function Arg() in Eq. (11.36) can not distinguish between phases that differ by 2z and it returns the results
in the interval [—z, z]. If the phase is 7= + ¢, € > 0, the function Arg() returns a phase of —z + €. This is known
as phase wrapping and it could lead to symbol errors. Special techniques have to be used to unwrap phases.
Consider the following example: suppose Ag, in the current block k is € < «, € > 0, and let A¢, be roughly
constant over the block. From Eq. (11.36), it follows that Acf)k = €. Now, let A¢, of the next block, k + 1 jump
by 7/M, i.e., Ag, of the (k + 1)th block is € + 7 /M. From Eq. (11.36) for the (k + 1)th block, we find

(k+1)N
_—1Arg { Z Agexp [—i (M6, + Me + x)| } = _—1Arg{exp [—i(Me + n)]}
M I=kN+1 M

_Me—-=x
M
= Ay (11.38)

Clearly, the estimated phase ¢ — x/M is different from the actual phase, ¢ + /M. This is because of
the phase wrapping done by the function of Arg(). Phase wrapping in the context of coherent optical
communication has been studied in Refs. [14, 15]. Let the carrier phase prior to the unwrapping be Acf)k. If
we add 27 /M to Ad, +1 the phase for the (k 4+ 1)th block after the phase unwrapping is

.2
Ay = Ay + 57 =€+ /M, (11.39)

which is actually the phase of the (k + 1)th block. In general, an integral multiple of 2z /M is added to the
carrier phase. The carrier phase after the phase unwrapping can be written as

Agy = Ady +m2x /M, k=1,2,..K, (11.40)
where ~
A -A
m = Floor [ 0.5+ 281 =8¢ ) (11.41)
2z /M

Here, Floor() returns the nearest integer toward —oco. Suppose the phases of the kth and (k — 1)th block are both
e. In this case, m = 0 and the phase unwrapping block of the phase estimator Eq. (11.40) does not add 2z /M.
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Figure 11.10 Plot of phase vs. sample number with and without phase equalizer. Parameters: no phase modulation, TX
laser linewidth = LO linewidth = 125 kHz, f;. = 200 MHz, block size N = 10. The signal passes through an IF equalizer
prior to the phase equalizer.
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Figure 11.11 Constellation diagrams (a) before phase equalization, (b) after phase equalization. Parameters: symbol
rate = 10 GSym/s, NRZ-QPSK, and other parameters the same as in Fig. 11.10.

A back-to-back case (no fiber-optic channel between transmitter and receiver) is simulated. Fig. 11.10 shows
the phases of the signals after IF equalization when the phase modulation is turned off. In the absence of the
phase equalizer, the phase varies randomly in the interval [—z, ]. After using the phase equalizer, the phase
fluctuations are significantly reduced. Fig. 11.11(a) and (b) shows the constellation diagrams before and after
phase noise removal for the QPSK signal, respectively. As can be seen, the phase equalizer is quite effective
in removing the phase fluctuations introduced by the transmitter and LO.

11.6 CD Equalization

In this section, we ignore laser phase noise, fiber nonlinear effects, ASE, and other noise sources, and consider
only the impact of fiber dispersion. The output field envelope of the fiber can be written as

y(0) = F I, (11.42)
() = HPX(), (11.43)
X(f) = Flx(n)], (11.44)
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where x(¢) is the input field envelope of the fiber and H(f) is the fiber transfer function. The dispersion-
compensating filter (DCF) should have the transfer function

1

W(f) = —, (11.45)
H(f)
so that the output of the DCF is the same as the fiber input, as shown in Fig. 11.12:
() = W) (11.46)
= W(OHNX() = X(f). (11.47)

Inverse Fourier transforming Eq. (11.46) and noting that a product in the frequency domain becomes a con-
volution in the time domain, we obtain

x(t) = / ooy(t— W) dt, (11.48)
where
W) = FW()] (11.49)

is the impulse response of the dispersion-compensating filter. The DCF discussed in Chapter 2 is a
dispersion-compensating filter in the optical domain. Owing to the linearity of coherent detection, a
dispersion-compensating filter can be realized in the electrical domain as well. For digital implementation,
Eq. (11.48) is discretized to obtain

xln] = ). Wiklyln - k]. (11.50)
k=—o00
Here, the time 7 is discretized as t = kT,,,, where 1/T,, is the sampling rate, k is an integer,
x[n] = x(nTymp)s (11.51)
Win] = TsampW(nTsamp)’ (11.52)
yln] = y(nTgymp)- (11.53)

Thus, if we know the impulse response of the dispersion-compensating filter, convolving it with the fiber
output field envelope could undo the distortions caused by fiber dispersion. As an example, consider the fiber
transfer function given by Eq. (2.107) (with no loss and no delay),

H(f) = exp (127°f*B,L). (11.54)

Using Eq. (11.45), the transfer function of the dispersion-compensating filter is

W(f) = exp (—i2z°fB,L). (11.55)
% . G Disp. ()= &
() Fiber §(f) bl compenation Hf)=xf)
H(f) filter W( f)

Figure 11.12 CD equalizer using a digital DCF.
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The impulse response function of the dispersion-compensating filter is given by [16] (see Example 11.3)

B 1 .
W) =/ TeigiL O 190 (11.56)

() =12 /2p, L. (11.57)

A dispersion-compensating filter is an all-pass filter and its impulse response W(z) is infinite in duration. The
summation in Eq. (11.50) may be truncated to a finite number of terms, known as a finite impulse response
(FIR) filter. Now, Eq. (11.50) becomes

K
xn] =) Wiklyln -], (11.58)
k=—K

L)
1 ik Tsamp
WIk] = Tgymp / Sl exp l L | (11.59)

Fig. 11.13 shows a schematic of the FIR filter. The number of taps, 2K + 1, has to be decided based on the
Nyquist sampling theorem, which states that if the signal is band-limited to B, the sampling rate, R, has to

samp>
be greater than or equal to 2B. Otherwise, aliasing could occur. From Eq. (11.57), the instantaneous frequency
of W(t) is i
-1 —t
= = . 11.60

From Eq. (11.60), we see that the magnitude of instantaneous frequency increases with . When the summation
in Eq. (11.50) is truncated to 2K + 1 terms (see Eq. (11.58)), the highest-frequency component occurs at
t=KT,

samp*

KTsamp
B =|f = . 11.61
lf;,maxl 2ﬂ|ﬁ2|L ( )
yin+K] Delay yin+K-1] Delay yln—K]

" T T """"" " T
) 4 ) 4
WI[-K] WI[-K+ 1] WIK]
-~ »? .
()

Figure 11.13 Schematic of the FIR dispersion-compensating filter.
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Figure 11.14 Constellation diagrams for NRZ-QPSK system: (a) before dispersion equalizer, (b) after dispersion equal-
izer. Parameters: accumulated dispersion = 13, 600 ps/nm, number of samples/symbol = 2, number of taps = 47.

Using the Nyquist theorem, the sampling rate, R should be at least equal to 2B,

samp>
KT,
Rsamp = ! 2 il (11.62)
Tsamp 7T|ﬁ2|L
or
b4 L
K > # (11.63)
Tsamp
Since K has to be an integer, we choose
K = ceil(z| | L/ Tomp)- (11.64)

where ceil() gives the nearest integer toward co. From Eq. (11.64), we see that the number of taps increases
as |f,|L. This can be understood from the fact that the pulse broadening increases with |f,|L. To undo the
distortion due to dispersion at 7 = kT, samples of y(#) extending from (k — K)T,p, to (k + K) Ty, are
required.

Fig. 11.14(a) and (b) shows the constellation diagrams of a system based on QPSK before and after the
dispersion-compensating filter, respectively. As can be seen, the distortions caused by fiber dispersion can
be mitigated using the dispersion-compensating filter. Alternatively, the dispersion-compensating filter can
be realized by using an IIR filter, which is computationally efficient but requires buffering [17]. When the
accumulated dispersion is large, it would be more efficient to compensate dispersion in the frequency domain
using FFTs, as discussed in Section 11.8.

Example 11.1

A 10-GSym/s fiber-optic system has the following parameters: #, = —22 ps?/km and transmission distance =
800 km. Assuming two samples per symbol, calculate the minimum number of taps needed to compensate
for the fiber dispersion.
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Solution:
For a 10-GSym/s system, the symbol period is 100 ps. Since there are two samples per symbol, T, ,, = 50 ps.
Using Eq. (11.64), we find

(11.65)

—27 3
K = ceil 7 X22%x 107" x 800 % 10 e
(50 x 10-12)2

Therefore, the number of taps 2K + 1 = 47.

11.6.1 Adaptive Equalizers

The fiber dispersion could fluctuate due to environmental conditions. However, these fluctuations occur at
a rate that is much slower than the transmission data rate and, therefore, the tap weights of the FIR filter
shown in Fig. 11.13 can be adjusted adaptively. There exist a number of techniques to realize the tunable
dispersion-compensating filters [18—20]. In this section, we focus on two types of adaptive equalizer: least
mean squares (LMS) and constant modulus algorithm (CMA) equalizers.

Fig. 11.15 shows a schematic of a fiber-optic system with adaptive equalizer in the digital domain. Let the
input to the fiber-optic channel be x[k]. The channel output is

N
Yiml =) Hiklxim — k] + n[m], (11.66)

k=—N
where H[k] is the channel impulse response and n[m] is the noise added by the channel. In Eq. (11.66), we
have assumed that the ISI at 7 = mT,,, could occur due to the samples of the optical signal ranging from
m — N tom + N. In other words, H[k] is assumed to be zero for |k| > N. The adaptive equalizer is a transversal

filter with tap weights W[k] and the output of the equalizer is

K
ilnl= ) Wiklyln - kl. (11.67)
k=—K

Here, 2K + 1 is the number of taps. If the equalizer compensates for the channel effects, X[n] should be equal
to x[n] in the absence of noise. The error between the desired response x[n] and the output of the equalizer
X[n] is
e[n] = x[n] — x[n]. (11.68)
The mean square error is
J(W[=K], W[=K + 1]....W[K], W*[-K],...,.W*[K]) = < |e[n]?| >

= < |x[n]|* — x[n]&*[n]

—%[nlx*[n] + X[n]X*[n] > . (11.69)
xlk] Fiber-optic VK] Adapt.ive RIK]
channel > equalizer
H w

Figure 11.15 Adaptive equalization of the fiber-optic channel.
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The adaptive equalizer has 2K + 1 adjustable complex coefficients. The coefficients W[k] can be adjusted so

that the mean square error is minimum,
aJ

WA = (11.70)
" oI =0. (11.71)
oW*[k]
Using Eqgs. (11.67) and (11.69) in Eq. (11.70), we find
#J[k] =< —x*[nlyln — k] + y[n — k]x*[n] >
=— < y[ln—kle*[n] >=0. (11.72)

Note that W[k] and W*[k] are independent variables and, therefore, d3*[n]/dW[k] = 0. From Eq. (11.71), we

obtain
oJ

oW*[k]

= — < y*[n—kle[n] >=0, (11.73)

which is nothing but the complex conjugate of Eq. (11.72).
The tap weights W[—-K], W[-K + 1], ... , W[K] are optimum when the cost function J is minimum. To find
the optimum tap weights, we follow an iterative procedure. Initially, tap weights are chosen arbitrarily as

WO = (wO—K], WOI-K + 1], ... , WO[K]], (11.74)

where ‘(0)’ stands for the zeroth iteration. To update the tap weights for the next iteration, we need to move
in a vector space of 2K + 1 dimensions such that we are closer to a minimum of the cost function J. The
gradient vector is defined as

G = [g[-K],g[-K + 1], ..., g[K]l, (11.75)
_ a g,
glkl = zaW*[k] = -2 <y*[n—kle[n] > . (11.76)

At the starting point, we have the tap weight vector W@ and the gradient vector G¥. From Eq. (11.71), we
see that J is minimum when g[k] is zero. But at the starting point, g[k] may not be zero. Iteratively, we need
to find W[k] such that g[k] is close to zero. The tap weight vector for the next iteration should be chosen in
a direction opposite to GO, This is because, if we move in the direction of G, J would be maximized. So,
the tap weights for the next iteration are chosen as

wh — WO _ %G@) (11.77)
or
WD = WK = S ik
=Wk]? + A < y*[n — kle[n] >, (11.78)

where A is a step-size parameter and the factor 1/2 in Eq. (11.77) is introduced for convenience. The con-
vergence of the iterative procedure depends on the value of A chosen. In practice, it is difficult to evaluate
the expectation operator of Eq. (11.78), which requires knowledge of the channel response H[n]. Instead, the
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gradient vector is approximated by the instantaneous value or an estimate of the gradient vector. Ignoring the
expectation operator in Eq. (11.78), the tap weights are altered at the (n + 1)th iteration as [18-20]

Wk1™D = WK™ + y*[n — kle[n]A, k= -K, ... .0, ... K (11.79)
e[n] = x[n] — x[n]. (11.80)

Eqgs. (11.79) and (11.80) constitute the LMS algorithm for adaptive equalization. After a few iterations,
e[n] = 0 and, thereafter, the tap weights remain roughly the same. Fig. 11.16 shows a schematic of the adap-
tive equalizer. Initially, the transmitter sends a training sequence x[n], n = 1,2,3, ... which is known to the
receiver. This is received as y[n]. The purpose of sending a training sequence is to let the receiver find the tap
weights adaptively. The equalizer is switched to training mode, initially in Fig. 11.16. The period of training
is pre-decided between the transmitter and receiver, and the receiver has full information on the information
sequence x[n]. After the tap weights W[k] have reached their optimum values, it may be assumed that the
output of the decision device x[n] is a reliable estimate of the information sequence x[n]. At the end of the
training period, actual data is transmitted. Since the receiver has no information on the transmitted data, the
output of the decision device X[n] is used to calculate the error signal e[n] instead of the actual information
sequence x[n], as shown in Fig. 11.16. This is known as a decision-directed mode of adaption. In this mode,
an error signal is obtained as

e[n] = x[n] — X[n]. (11.81)

The fiber dispersion varies slowly due to environmental fluctuations and the tap weights are adjusted adap-
tively to compensate for the slow variations in dispersion.

Received yln+ K] .| Delay yin+K-1] Delay  |¥[n—KI]
signal - Teamp Tsamp
W[-K] W[-K + 1] WIK]
»( x X

] T )<
x[n]
Adaptive tap .| Decision
> weight device
controller fin
g
Decision-directed mode
+ <
/
Training
Training mode x[n ] sequence

Figure 11.16 Block diagram of an adaptive equalizer.

www.EngineeringEBooksPdf.com



Digital Signal Processing 513

Received  YIK| | Transversal 3[k] ZEIO-MEMmOTy | (4]

i > > nonlinear

signal filter W :
estimator

A
e +
| Tap weight | elk]
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Figure 11.17 Block diagram of a blind equalizer.

11.6.1.1 Blind Equalizers

In some applications, it is desirable for receivers to undo the distortions without using the training sequences.
Such equalizers are known as blind equalizers. Fig. 11.17 shows a schematic of a blind equalizer. The
blind equalizer is similar to the decision-directed equalizer except that the error signal is obtained using the
zero-memory nonlinear estimator instead of the decision device. Once the blind equalizer converges, it will be
switched to a decision-directed mode of operation. Godard proposed a family of blind equalization algorithms
[21]. In this section, we consider a special case of Godard’s algorithms, known as the constant-modulus
algorithm (CMA). In this case, the output of the zero-memory nonlinear estimator is [20, 21]

X[k] = &[KI(1 + R, — |[k]]2), (11.82)
where < |x[k][* >
2= RS (11.83)
The error signal is
e[k] = X[k] — &[k]
= %[KI(R, — X[K]?). (11.84)

For constant-intensity modulation formats such as QPSK-NRZ, (|x[n]|*) = (|x[n]|?) = 1 assuming that the
transmitter power is normalized to unity. For these formats, Eq. (11.84) reduces to

elk] = &[k1(1 = [RTK][%). (11.85)

If the tap weights are optimum, |%[k]|? should be unity for constant-intensity formats and, therefore, the error
signal e[k] that is proportional to the deviation of |%[k]|?> from unity is used to adjust the tap weights. The tap
weights are adjusted in accordance with the stochastic gradient algorithm as discussed previously,

wk]"D = wlk]™ + y*[n — kle[n]A. (11.86)

11.7 Polarization Mode Dispersion Equalization

Consider a polarization-multiplexed fiber-optic system as shown in Fig. 11.18. Let y, ;, and y;, be the field
envelopes of the x- and y- polarization components at the input of the fiber-optic channel. Ignoring the noise
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Figure 11.18 Polarization-multiplexed fiber-optic system. PBS = polarization beam splitter, MZM = Mach—Zehnder
modulator.

effects, the output of the coherent receiver front end can be written as (see Section 5.6.5)

[lpx,out(a)) =F [Hxx(w) Hxv(w)] [V?x,in(a))]

Fyow@)| ~  |Hy (@) Hy ()| [#(@) (11.87)

where F' is a scalar that represents the loss in the fiber-optic channel. In the absence of the polarization-
dependent loss (PDL) or polarization-dependent gain (PDG), total power should be conserved, which implies
that the determinant of the matrix in Eq. (11.87) should be unity. Eq. (11.87) may be written as

lTlx,out(()o) = F[lex(w)lpx,in(w) + ny(w)lpy,in(w)]’ (1 188)
Py ou(@) = FIH, (), 30(@) + H,y (@) (0)]. (11.89)

After taking the inverse Fourier transform and discretizing, Eqgs. (11.88) and (11.89) become

N
Wy oulml = F Z {H o [kl i [m — k] + H [kl 5, [m — K1}, (11.90)
k=—N
N
Wyoulml = F ) {H, [Kly,,[m — kI + Hy [Kly, ;o [m — k1}. (11.91)
k=—N
Let
_ Wx,in[k]
Wi [k] = [wy,in[k]] ; (11.92)
— II/x,out[k]
Woulk] = [wy,om[k]] : (11.93)
_ | Hulk] Hylk]
H[k]=F [ny[k] Hyy[k]] . (11.94)
Now, Egs. (11.90) and (11.91) may be rewritten as
N
W, Iml =Y HIK¥,,[m - k. (11.95)

k=N
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Winlk] Fiber-optic Wkl Adaptive ‘i‘m[k]
> Channel > equalizer
H w

Figure 11.19  Adaptive equalization of the polarization-multiplexed fiber-optic channel.

Fig. 11.19 shows a schematic of the fiber-optic channel with adaptive equalizer in the digital domain. The
output of the equalizer is

K
Wenlnl =F Z {(Wlkly, quln — k1 + Wy [Klyy o ln — k13, (11.96)
k=—K
K
u,\/y!in[n] = F Z {Wyx[k]ll/)gout[n - k] + Wyy[k]u/ygout[n - k] }' (1 1’97)
k=—K
Let
1 _ li/x,in [k]
Wlk]l = [Ay,in[k] ) (11.98)
Wikl W, [k]]
Wlk] = : (11.99)
W [kl Wy, [k].
Eqgs. (11.96) and (11.97) may be written as
K
Wil = ). WKW, [x — k1. (11.100)

k=—K

The adaptive equalizer for polarization mode dispersion consists of four transversal filters, W, ny, Wyx, and
W,,, as shown in Fig. 11.20. The tap weights of the equalizer can be updated using the training sequence or
blind equalization techniques, as described previously. Let us first consider an adaptive equalizer that uses a

LMS algorithm and training sequences. The weights are updated as (see Example 11.4)

W [k = W K™ + yi o [n — Kle,[n]A, (11.101)
W [k1HD = W [ + o ln — Kle [n]A, (11.102)
W, [K1HD = W K" + [ — ke, [n]A, (11.103)
W, [K17FD = W K™ + y o n — ke, [n]A, (11.104)
where
elnl =y, nl =@, ,lnl.  r=xy. (11.105)

For a blind equalizer that uses CMA, the error signals are given by Eq. (11.84),
eIk = @, o [KI(1 = [, 5,011, 7 =x.y. (11.106)
The tap weights are adjusted in accordance with the stochastic gradient algorithm,

W [ = W K™ + w o [n — kle,n]A, (11.107)
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Figure 11.20 Polarization mode dispersion compensation using four transversal filters.
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after IF and phase ——» Fixed DCF » equalizer,
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Figure 11.21 Block diagram of the digital equalizer for a polarization-multiplexed fiber-optic system.

W (k1D = W K" + gkl — kleiIn] A, (11.108)
W, (k1D = W K™ + gl — kel [n] A, (11.109)
W, [K10*D = W K™ + w0 — kle|[n]A (11.110)

When a PMD equalizer is used, it is not necessary to have a separate adaptive equalizer for CD, as the diagonal
elements of the matrix H have contributions from CD. Typically, the fixed dispersion-compensating filter
compensates for the mean (non-time-varying) CD and the residual CD is compensated by the transversal
filters W, and W,,. W, compensates for the residual CD of the r-polarization component, r = x, y. Fig. 11.21
shows block diagram of the digital equalizer that compensates for CD and PMD.

11.8 Digital Back Propagation

So far in this chapter, we have assumed that the fiber-optic system is a linear system and focused on the
mitigation of the linear impairments such as chromatic dispersion and polarization mode dispersion. In this
section, we consider the mitigation of fiber nonlinear effects. Fiber dispersion and nonlinear effects can be
compensated using the digital back-propagation techniques [22, 23]. Let us first consider a single-span system
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with constant fiber dispersion, nonlinear, and loss coefficients. The evolution of the field envelope in a fiber
is described by the NLSE (see Chapter 10),

dq
—< =(N+D), (11.111)
0z
where D denotes the fiber dispersion effect,
P 0%
D=—-i—— 11.112
"2 on ( )
and N denotes the nonlinear and loss effects,
N(.2) = irlq(.2)f = 3. (11.113)

The formal solution of Eq. (11.111) can be obtained as follows:

d;q=(N+D), (11.114)

L
In[q(t, 211§ =/ (N + D)dz, (11.115)

0
q(t, L) = Mq(z,0), (11.116)
where .
M=eXP{/ [N(t,z)+D(t)]dz} (11.117)
0

and L is the fiber length. In general, ¢(z, L) can not be obtained in a closed form since N(z,z) has a term
proportional to |¢(t, z)|> which is unknown for z > 0. Eq. (11.116) is just another way of writing Eq. (11.111),
and numerical techniques have to be used to find ¢(z, L) [24]. Multiplying Eq. (11.116) by M~" on both sides,
we find

q(1,0) = M~ 'q(t,L). (11.118)

In Eq. (11.118), ¢(t, L) represents the received field envelope which is distorted due to fiber dispersion and
nonlinear effects. If we multiply the received field by the inverse fiber operator, M~!, distortions due to fiber
dispersion and nonlinear effects can be completely undone. Since

exp () exp (=%) =1, (11.119)

where [ is an identity operator (Example 11.4), taking

L
3= / [N(t,2) + D()]dz, (11.120)
0

we find .
M= exp [—/ [N(t,z)+D(t)]dz] . (11.121)
0

Eq. (11.118) with M~! given by Eq. (11.121) is equivalent to solving the following partial differential
equation:
dq,,
= = —[N + Dlg,, (11.122)
Z
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or
aqy,

0(—2)
with the initial condition g, (¢, 0) = ¢(¢, L). From Eq. (11.118), it follows that

= [N + Dlg,,, (11.123)

M™'q,(t,0) = g,(t,L) = q(t,0). (11.124)

Thus, by solving Eq. (11.123), g,(¢, L) can be found, which should be equal to the fiber input g(z, 0). In other
words, if the fiber link inverse operator M~! can be realized in the digital domain, by operating it on the fiber
link output, we can retrieve the fiber input g(z, 0). Since Eq. (11.123) is nothing but Eq. (11.111) withz - —z,
this technique is referred to as back propagation. Eq. (11.122) may be rewritten as

9q;
— =[N, + Dylqy, (11.125)
0z
with g, (£,0) = q(t, L)
0’ 26
D, =-D=if,—, 11.1
b ip EY2) ( )

a
>

The NLSE with reversed signs of dispersion, loss, and nonlinear coefficients is solved in the digital domain
to undo the distortion caused by the transmission fiber. Figs. 11.22 and 11.23 illustrate the forward and
backward propagation. Eq. (11.125) can be solved numerically using the split-step Fourier scheme [24]. In
Eq. (11.125), the operators N, and D,, act simultaneously and N, changes with z, which makes it harder to
realize the operator M~ numerically. However, over a small propagation step, Az, D,,, and N, may be approx-
imated to act one after the other. Hence, this technique is known as the split-step technique. This is an approxi-
mation, and this technique becomes more accurate as Az — 0. First let us consider the unsymmetric split-step

N, = =N = —iy|q,|* + (11.127)

fiber
a0 [ o | [ Rre
Tx. oy front end DT

Figure 11.22 Propagation in a single-span fiber (forward propagation).

___bs___ __ _ _ _ ______
r DBP 1
I I
| (7, 0) (L) |
| IF and il il |

=q(t, L =q(1,0
frolr?txén d > phase noise 9. L) 4(t.0) >
| removal |
Virtual fiber
I B, 1, —a I
I I

Figure 11.23 Backward propagation in the virtual fiber.
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scheme. The received field g(t, L) = g, (¢, 0). We wish to find g, (¢, Az), which corresponds to g(t, L — Az). The
operator M~! in this propagation step can be approximated as

Az Az
M= exp [/ [Ny(t,2) +Db(t)]dz] =~ exp [ [N, (t, z)]dz] exp [D,(HAz], (11.128)
0 0
Az
q,(t, Az) = M~ q,(1,0) = exp [ N(t, z)dz] q,,(t, A2), (11.129)
0
where
q,(t, Az) = exp [D;,()Az]g,(1,0). (11.130)
Eq. (11.130) is equivalent to solving the following equation:
og, , _ip %%,

_pg =2 11.131
oz T 3 5p ( )

with qé(t, 0) = q,(t,0). To solve Eq. (11.131), we take the Fourier transform on both sides:

dgl(@.2)  —ifye?
= 7 (w,2), 11.132
B 5 0(@.9) ( )

i 2A
%Z]b(w, 0). (11.133)

7 (@, A2) =
The signal qé(t, Az) can be obtained by the inverse Fourier transformation
q,(t, A7) = F'[G, (0, A2)]. (11.134)

In other words, the initial spectrum (e, 0) is multiplied by the inverse fiber linear transfer function to obtain
q,(t, Az) and, therefore, it represents the inverse linear response of the fiber. Computation of the Fourier
transform/inverse Fourier transform takes N> complex additions/multiplications, where N is the number of
samples. To facilitate fast computation of the Fourier transform, fast Fourier transform (FFT) is used which
takes ~ Nlog, N complex additions/multiplications. Eq. (11.131) may also be solved using the FIR filter
approach [22], as discussed in Section 11.6. Next, let us consider the nonlinear operator in Eq. (11.129).
Eq. (11.129) is formally equivalent to the following equation:

9qy, . a
2 =Ny = (=irla, + 5 ) 4 (11.135)

with g,,(1,0) = g, (¢, Az). Let
q, = Aexp (i6). (11.136)

Substituting Eq. (11.136) into Eq. (11.135) and separating the real and imaginary parts, we find
dA «

— = ZA, 11.137
dz 2 ( )
O _ AP (11.138)
dz
Integrating Eq. (11.137), we obtain
A(1,2) = exp (%)A(r, 0), (11.139)
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and from Eq. (11.138), we have

Az
0(t, A2) = 6(1,0) — y / A, 2)Pdz = 0(1,0) — y Azege | AL, 0) |, (11.140)
0
where (@A) — 1
ex -
Azegy = e (11.141)
a

Substituting Eqgs. (11.140) and (11.139) in Eq. (11.136), we find
q,(t, A2) = q,(t,0) exp (—iy Azel g, (2, 0)|* + aAz), (11.142)

where
q,,(t,0) = A(z,0) exp [i0(z, 0)]. (11.143)

With ¢,(2,0) = qlb(t, Az), Eq. (11.142) becomes
q,(t, A7) = qlb(t, Az) exp (—iyAzeffIqé(t, A7) + aAz). (11.144)

Fig. 11.24 illustrates the unsymmetric SSFS. This technique can be summarized as follows:

(1) Initial field g,(z,0) is known. First, the nonlinear and loss effects (N) are ignored and the output of a
lossless, linear fiber qé(t, Az) is calculated using the Fourier transformation technique.

(i1) Next, fiber dispersion (Dyisi gnored. The NLSE is analytically solved with the initial condition g, (z, 0) =
qé(t, Az) and the field envelope at Az, g, (t, Az) is calculated using Eq. (11.144).

(iii) g,(t,2Az) is calculated with g, (#, Az) as the initial condition by repeating (i) and (ii). This process is
repeated until z = L. The step size Az should be chosen sufficiently small that the absolute value of
the nonlinear phase shift A9 accumulated over a distance Az should be much smaller than z. From
Eq. (11.140), it follows that

|AG] = |0(t, Az) — 0(1,0)] = y Az, A1, 0)|* < 7. (11.145)

A disadvantage of the unsymmetric SSFS is that the step size has to be really small since the error scales
since as Az? [24]. The step size can be made significantly larger using the symmetric SSFS, which is described
as follows. From Eq. (11.125), we have

Az
(1, AZ) = exp [ [N, (1, 2) + Dy (D]dz| q,(z, 0). (11.146)
0
qb(t,l 0) - - . - -
=q,(1,0)| Dispersion qi(t, A7) Wardlinza qy(t, Az) | Dispersion | 4l(z 2Az)| Nonlinear operation | g,(f, 2Az)
— p only > operation » only P exp(fA: Ny(t. 2)dz)
exp(DyAz) exp (5% Ny(t, 2)d2) exp(D,A2) U _|

qé (t,L)| Dispersion
only
exp(D,A7) | 9t L—A2)

q3,(t, L) | Nonlinear operation
| expUFEN,(, 2)d2)

A

Figure 11.24 Unsymmetric split-step Fourier scheme for backward propagation.
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(1,0 L, Az /2 1, A
M’ exp(D,Az/2) B ) p| exp (Igz Ny(t, 2)d2) »  exp(D,Az/2) M
Figure 11.25 Symmetric split-step Fourier scheme for a single-step Az.
(1,0 (1, 2Az)
qb_> exp(D,Az/2) |y eXp(Iéz Ny(t, 2)dz)—» exp(D,Az) > XP(J'ZZAZ Ny(t, 2)dz)—»{ exp(D,Az/2) L

Figure 11.26 Symmetric split-step Fourier scheme for the propagation from 0 to 2Az.

q,,(t, Az) can be approximated as

DyAz Az D,Az
qp(t, Az) = [exp { —5— } exp {/ Ny (t, z)dz} exp { — }] q,(t,0). (11.147)
0

The above scheme is known as symmetric SSFS. Fig. 11.25 illustrates the symmetric SSFS. First, the NLSE
is solved with ]Vb = 0 over a distance Az/2. The linear field qé(t, Az/2) is multiplied by the nonlinear phase
shift and amplified. The resulting field is propagated over a distance Az/2 with Nb = 0. It may appear that
the computational effort for the symmetric SSFS is twice that of the unsymmetric SSFS. However, the com-
putational efforts are roughly the same when the step size is much smaller than the fiber length. This can be
understood from the propagation of the field from O to 2Az, as shown in Fig. 11.26 . The linear propagation
operator, ¢?»2%/2 shown in the last block of Fig. 11.25 can be combined with ¢”»4%/2 corresponding to the
first block of the propagation from Az to 2Az, leading to a linear propagation operator ¢”»2%, as indicated by
the third block in Fig. 11.26. Since the evaluation of eP»27 or ¢P»2%/2 requires ~ Nlog,N complex multipli-
cations, the computational cost for the symmetric SSFS shown in Fig. 11.26 is roughly 3Nlog, N complex
multiplications, whereas that for the unsymmetric SSES is roughly 2Nlog, N for propagation up to 2Az. Over
M propagation steps the computational overhead for the symmetric SSFS increases as (M + 1)/M. Thus, the
overhead is insignificant when M >> 1. For the given step size, the symmetric SSFS gives a more accurate
result than the unsymmetric SSFS. This is because the error in the case of symmetric SSFS scales as Az>,
whereas it scales as Az> for unsymmetric SSFS [24]. Alternatively, for the given accuracy, a larger step size
could be chosen in the case of symmetric SSFS.

11.8.1 Multi-Span DBP

Fig. 11.27 shows the propagation in an N-span fiber-optic system. To undo the propagation effect, amplifiers
with gain G, are substituted by loss elements 1/G, in the digital domain and a real fiber with parame-
ters (fa,,, ¥n» @) n=1,2, ... ,N is replaced by a virtual fiber with parameters (—f,,, —v,, —a,,), as shown
in Fig. 11.28. Note that the signal distortions due to the last fiber in the fiber-optic link are compensated
first in the digital domain. Although the digital back propagation can compensate for deterministic (and
bit-pattern-dependent) nonlinear effects, it can not undo the impact of ASE and nonlinearity—ASE coupling,
such as Gordon—Mollenauer phase noise.
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Fiber 1 Amp.1  Fiber 2 Amp. 2 Fiber N Amp. N
4(1,0)
Tx. > Q |G1 Q o> ... O |GN » KX Ly psp
By =7y | Brys =15 —1, Bopp Ty =0y | front end
Figure 11.27 Propagation in an N-span fiber-optic system.
DSP
virtual virtual virtual
IF and fiber N fiber N—1 fiber 1
an ..
1L I Loss
LY —>» phase noise > /(E}SS O 1 /GO 5 O.... /G O »> D§c1s19n
front end removal N [P v~ | VON 1| g, v [ - circuit
vy

Figure 11.28 Digital back propagation for a N-span fiber-optic system.

11.9 Additional Examples

Example 11.2

The noise 7; is a zero-mean complex random variable with Gaussian distribution. Show that the mean of the
effective noise n; given by Eq. (11.33) is zero.

Solution:
Let
n; = A;exp (i6;) = A, cos (0)) + iA; sin (6)). (11.148)

Since n; is a Gaussian random variable, it follows that 6, is a random variable with uniform distribution in the
interval [0, 2x]:

<n >=<A;><cos(0)>+i <A, ><sin (f;) >=0. (11.149)

Consider
nf = Af exp (ik0)) = Af cos (k6)) + iAf sin (k0), k=1,2,....M (11.150)
<nf >=< Af >< cos (k6)) > +i < A} >< sin (k§)) >= 0. (11.151)

Since 6, is a uniformly distributed random variable in the interval [0, 2x], k6, is also a uniformly distributed
random variable in the interval [0, 2zk] and therefore < cos (kf;) >=< sin (kf;,) >= 0. Eq. (11.33) may be
rewritten as

ny =K+ Kynj + -+ Kyn)!, (11.152)

where K,,, m = 1,2,3, ... M, are complex constants:
<m>=K <m>+K,<n >+ +Ky<nl>. (11.153)

Since < n’l‘ > is zero, it follows that
<n; >= 0. (11.154)
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Example 11.3

Show that the impulse response of a dispersion-compensating filter is
1 i’
W) = e .
=1/ 2zigL P [2ﬁ2L]
Solution:

For a Gaussian pulse, we have the following relations:

Flexp (=a1*)] = exp [-af*],
FIW(an)] = éW(f/a), Re(a) > 0.
The transfer function of a dispersion-compensating filter is
W(f) = exp (—i2z°f>,L).
Choosing a* = 1/Q2np,Li), Eq. (11.158) can be written as
W(f) = exp (-zf*/a?).

Using Eqgs. (11.156), (11.157), and (11.158), we find

W(r) = aexp [-xz(ar)*] =

1 exp[ ir? ]
\27B,Li 2p,L

Example 11.4
Find the LMS for the updated weights of the PMD equalizer.

Solution:
Following the notation of Section 11.7, let

e, [n] =y, in[n] =@, nlnl, r=xy,
Jr =< |er[n]|2 >=< |Wr,1n[n]|2 - Wr,ln[n]li/:ln[n] - w:ln[n]lilr’]n[n] + lIA/r,m[”]VA/:m[n] > .

Using Eq. (11.76), the gradient vectors are

a‘]x * * A *
= =2< Y [Py, ouln = k] + Wyoul? — kg jnln] >= =2 < Vyoul? — kle [n] >,
oW, [n]
2 oy _ 2 <yl [n—klel[n] >
W, ] = Wy oul efn] > .
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As discussed in Section 11.6.1, the tap weights for the next iteration should be chosen in a direction opposite

to the gradient vector,
Wi k1D = W LK™ + wf oy [n = Kle [nA,
W [K1HD = WK™ + o ln — ke, [n]A.
Similarly, the tap weights Wyy [k] and Wyx[k] are altered as

Wy (k1D = W K™ + ko ln — ke, [n]A,
W (K100 = W, [K]" + yf o ln — Kle, [n]A.

Example 11.5
Show that
exp (X) -exp (=%) =1,

where X is any operator and / is an identity operator.

Solution:
Expanding exp (£X) in a Taylor series, we find

X-x

exp(X)=I1+x+ X
%-

exp (%) =1 — &+ =

2! 4+ ...

Now consider the product

=
+

X-x XX
) o D= (1+3% ...).(1_
exp (%) - exp (—%) < + X+ > + 3 aF )
I-%-3

=I+A-I—I-A+< .
x X) > >
=/,

Exercises

11.1 Explain the phase increment algorithm for IF estimation.

11.2 Discuss the phase-unwrapping techniques used in phase compensation.

XX L ., x-x-1
+...

(11.165)
(11.166)

(11.167)
(11.168)

(11.169)

(11.170)

(11.171)

(11.172)

11.3 Write a computer program to compensate for IF and laser phase noise in a back-to-back configuration
with the following parameters: transmitter laser linewidth = 5MHz, LO linewidth = 10 MHz, f; =
200 MHz, symbol rate = 25 GSym/s, modulation = NRZ-QPSK. Determine the optimum block size.

11.4 Discuss the advantages and disadvantages of CD compensation in the time domain and the frequency

domain.
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11.5 Write a computer program to compensate for CD of a fiber-optic system with the following param-
eters: f, = =22 pszlkm, transmission distance = 1000 km, symbol rate = 25 GSym/s, modulation =
NRZ-QPSK. Determine the number of taps required for the time domain technique using a FIR fil-
ter. Also, write a program to compensate for CD in the frequency domain using FFTs. Compare the
computational costs associated with time and frequency domain techniques.

11.6 Provide the algorithms of an adaptive equalizer based on the constant-modulus algorithm (CMA).

11.7 Explain the principles of digital back propagation (DBP). Can DBP compensate for the impairments
due to interaction between fiber nonlinearity and ASE?

11.8 Explain the differences between symmetric and asymmetric split-step Fourier schemes.

11.9 Write a computer program to simulate a single-span fiber-optic system using the symmetric
split-step Fourier scheme. The parameters of the system are as follows: symbol rate = 25 GSym/s,
NRZ-QPSK, span length L = 80 km, §, = —22 ps*/km, loss = 0.2dB/km, y = 1.1 W~ km~!, launch
power = 10 dBm. At the receiver, introduce DBP with (a) step size = L, (b) step size = L/2. Compare
the constellation diagrams with and without DBP. Ignore laser phase noise.
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Appendix A

From Eq. (3.15), we find that the Einstein coefficients A and B are related by

A = yhwB, (A.D)
where
a)2n(3) A2)
y = = .

The spontaneous emission rate per unit volume is given by Eq. (3.4),

dN.
Ry = —( — = yhwBN,. (A.3)
’ dt spont

In Eq. (A.3), the medium is assumed to be homogeneous with refractive index n, and this emission rate takes
into account all the modes of the homogeneous medium in the frequency interval [w, @ + dw]. Typically,
amplifiers or lasers make use of single mode or multi-mode devices such as single/multi-mode fibers or
channel waveguides. In a single-mode fiber amplifier, the ASE coupled to a radiation mode escapes to the
cladding and does not contribute to the fiber amplifier output. Only the ASE coupled to the guided mode is of
practical interest. Therefore, we modify Eq. (A.3) such that the spontaneous emission rate corresponds to ASE
coupled to the guided mode. In fact, y of Eq. (A.2) represents the number of modes of a homogeneous medium
per unit volume per unit frequency interval. To see that, consider an electromagnetic wave in a homogeneous
medium confined to a cube of volume L*. The plane wave inside this cube is

w = Acos(wr — kx —k)y —k2), (A4)

with
= kc/ny, (A.5)
=k + ke + k2. (A.6)

If Lis infinite, k,, k,, and k, can take arbitrary values satisfying Eq. (A.6). The propagation of the plane wave

s My
is in the direction of k = k, % + k,,$ + k2. Therefore, spontaneous emission occurs uniformly in all directions.

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
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When L is finite, and if we assume that the walls of the cube are perfectly conducting, the field should vanish

at the walls. In this case k,, ky, and k, take discrete values given by

27n, 27n,, 2zn,
ko= =20 and ko= 22 (A7)
* L Y L N L

where n,, n,, and n, are integers. In other words, they are the standing waves formed by the superposition
of plane waves propagating in opposite directions (cos(cw? — k.x — kyy — k.z) and cos(wt + kx + kyy + k.2)).
In this case, spontaneous emission occurs at discrete angles in the direction of k = k,X + k.9 + k, 2 with k,,
k., and k, given by Eq. (A.7). We wish to find the number of modes per unit volume, with angular frequencies
ranging from w to @ + dw. This corresponds to wave numbers ranging from k (= |k|) to k + dk. For the given
value of k, there can be a number of modes with different values of k,, ky, and k, satisfying Eq. (A.6). For
=k, = 0 is a mode propagating in the x-direction and k, = k/ \/5, k,=k/ \/E, k,=01is
another mode propagating at angle 45° to the x-axis and 45  to the y-axis, and so on. The wave numbers
ranging from k to k + dk correspond to modes in the intervals [k,, k, + dkx],[ky, ky + dky], and [k, k. + dk_]

with

example, k, =k, k,

=14k + k2 (A.8)
and
(k+ dk)* = (k, + dk,)* + (k, + dk,)* + (k_ + dk.)*. (A.9)
From Eq. (A.7), we have
dk, = %’”dnx, (A.10)

where dn, is the number of modes in the interval [k, k, + dk.]. The total number of modes with the
x-component of the wave vector ranging from k, to k, + dk,, the y-component ranging from k; to k, + dk,,
and the z-component ranging from k, to k, + dk_ is

3
dn,dn,dn, = (;’Tpdkxdkydkz, (A11)

where dk,dkdk, represents the volume of the spherical shell enclosed between two spheres with radii k and
k + dk, as shown in Fig. A.1. Therefore,

dkxdkydkz = (area of the sphere with radius k) X dk
= 4nk’dk. (A.12)

Substituting Eq. (A.12) into Eq. (A.11), we find that the total number of modes per unit volume with angular
frequency ranging from o to @ + dw is

dndnydn,  gzr2qk wzngd(o

L3 Qr)3  2x23 (A.13)

where
wny/c = k. (A.14)
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Figure A.1 Number of modes in the volume of a spherical shell enclosed between two spheres with radii k and k + dk.

For each mode defined by (kX + k,§ + k,2), there could be two polarizations (see Section 1.11). Therefore,
each mode can be considered as two polarization modes. The total number of modes per unit volume per unit
frequency interval, taking into account two polarization modes, is then

3 2dnxdnydnz 3 N

m

'S Thde D (A1
(,()2713

=ﬂ262, (A.16)

where N,,dw is the number of modes in the frequency interval [w, ® + dw]. Eq. (A.16) is valid only for a
homogeneous medium. In the case of an optical fiber, the general expression Eq. (A.15) should be used. From
Eq. (A.3), the photon gain rate per unit volume due to spontaneous emission is

N,,hAwBN,

- (A.17)

dN,,
Rspont = <_> = yhwBN, =
spont

where N, is the photon density. The spontaneous emission occurs over all the spatial and polarization modes
of an optical fiber, and Eq. (A.17) represents the total spontaneous emission rate over all the modes. However,
all the modes do not contribute to the spontaneous emission at the amplifier output. In a single-mode fiber,
only the spontaneous emission coupled to the guided mode is of interest. For a single mode fiber with a single
polarization mode, N,, = 1 and Eq. (A.17) becomes

dN,,
Rpont = <—d ) = AN,, (A.18)
spont
where
A = hoB/L>. (A.19)
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Next we consider the photon net gain rate due to absorption and spontaneous/stimulated emission. In this
analysis, we ignore the loss of photons due to scattering and other possible mechanisms. From Egs. (3.74)
and (3.81), we have
dN,,,
dt

= Rstim + Rabs +R

spont
= hwBN,,;,(N, — Ny) + AN,. (A.20)

Let n,, be the number of photons in the volume L3,
Moy = NyL. (A.21)

Using Eqgs. (A.21) and (A.19), Eq. (A.20) may be rewritten as

dnph
—2% = haBnyy(Ny = Ny) + hoBN,. (A.22)

Using v = dz/dt and simplifying Eq. (A.22), we obtain

dnyy, _ hwBdz (A23)
(N, = Npn,, + N, v ’
Eq. (A.23) can be rewritten as
dnph _ hCl)B(NZ - Nl)dz (A 24)
Ny + g, v ’ ’
where N
2
ng, = (A.25)
YN, =N,

is known as the spontaneous emission factor or population-inversion factor. For an amplifier, N, > N, and,
therefore, ng, > 1. Integrating Eq. (A.24) from 0 to L, we find

In [nph(L) + nsp] —In [nph(O) + nsp] =gL, (A.26)
g = heB =Ky )

or
nph(L) = nph(O) exp(gl) + nsp[exp (gL) —1]. (A.28)

Since G = exp (gL), Eq. (A.28) can be written as
n,p(L) = 1y (0)G + ng, (G = 1). (A.29)

Eq. (A.29) is of fundamental significance. The first and second terms on the right hand side represent the
photon gain due to stimulated emission and spontaneous emission, respectively.

Next, let us consider the average noise power due to spontaneous emission. A photon of energy hw, is
assumed to occupy a length L or equivalently time L/v[1,2]. The noise power of a photon is

ha
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In a single-mode fiber, the propagation part of the guided mode is of the form exp [i(wt — kz)] with

©_p=C, (A31)
k Teff
where n. is the effective refractive index of the mode (see Chapter 2). The spontaneous emission occurs
in both the forward and the backward direction. The forward propagating wave exp [i(wf — kz)] and the
backward propagating wave exp [i(wt + kz)] form a standing wave. In Section 3.3, we have found that the
frequency for the longitudinal modes is given by

0="T m=0.£142 .. (A.32)
and
Aw = ”Tr” (A.33)

where r is the number of longitudinal modes in the frequency interval [w,, ®( + Aw]. The total noise power
of photons in this frequency interval is

r

h(wy + jow)v
Poa= 2, —— (A.34)
j=0
where réw = Aw. Assuming Aw < @y,
Ny + jow) = haw,. (A.35)

Now, using Egs. (A.35) and (A.33), Eq. (A.34) reduces to

hogur  hoyAw
Pow = —F—=—"—""

(A.36)
7

The noise power given by Eq. (A.36) includes the power emitted in the forward and backward directions. We
are mainly interested in the noise power accompanying the amplified signal in the forward direction, which
is half of that given by Eq. (A.36). Using Aw = 2z Af, we have

Plovvard — poo Af. (A.37)

total

So far we have assumed a single photon of energy hw,. If there are ng,(G — 1) photons, Eq. (A.37) is
modified as
Pasg = ng,(G — DhfyAf, (A.38)

where P, is the mean noise power in the frequency interval [f;, f; + Af].
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Appendix B

From Maxwell’s equations, we have

0’D
VZE = py—-. B.1
Ho o2 ( )
From Eq. (10.24), we have
D = ¢ +P. (B2)
Let us consider the case of a single polarization:
E=EXx,
P=Px (B.3)
From Eq. (10.42), we have
P (r,t) = Py (r,t) + Py (1,0), (B.4)
where
P, (r,0) = oy VE (r.0), (B.5)
Py, (1,0) = ey O E3(r.0). (B.6)

Here, we have ignored the subscripts 'xx’ and ’xxxx’. For a dispersive medium, the first-order susceptibil-
ity 1 is a function of frequency (see Eq. (10.22)). Since the product in the frequency domain becomes a
convolution in the time domain, for a dispersive medium, Eq. (B.5) should be modified as

Py(r0) = exVr,n) @ E(r.0) (B.7)

or
P, (r,0) = e 'V (r,w)E (r,w), (B.8)

where ® denotes convolution. An optical pulse propagating down the fiber has rapidly varying oscillations at
the carrier frequency and a slowly varying envelope corresponding to the pulse shape. Therefore, the electric
field may be written in the following form:

E (r,1) = %[Eo(r, 1) exp(—iwyt) + c.c.], (B.9)

Fiber Optic Communications: Fundamentals and Applications, First Edition. Shiva Kumar and M. Jamal Deen.
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where E(r,t) is the slowly varying function of time and c.c stands for complex conjugate. Substituting
Eq. (B.9) in Eq. (B.6), we find

){(3)

Py (r,1) = [3|E(r, )|*E(r, ) exp (—iwgt) + E>(r, 1) exp (—i3wyt)] + c.c. (B.10)
The first term in the square bracket corresponds to oscillations at w,, and the second term corresponds to third
harmonic frequency 3w,. The efficiency of third harmonic generation in fibers is very small unless special
phase-matching techniques are used. Therefore, ignoring the second term and substituting Egs. (B.7)—(B.10)
in Eq. (B.1), we obtain

1Y@, _ 1 0%

3P 92
2 _ I (1)
VR ) - 5 = SV @ Wl + S

R [|¥(r, )| ¥(r, 1], (B.11)

where

Y(r, 1) = Ey(r, t) exp(—iwgt),
= 1 .
Ho€o

The electric field intensity in a single-mode fiber may be written as (see Chapter 2)
W(r, 1) = q(z, p(x, y)e @0 o3, (B.12)

where f, = f(w,) is the propagation constant, ¢(x,y) is the transverse field distribution, and ¢(z, t) is the
field envelope which is a slowly varying function of ¢ and z. Substituting Eq. (B.12) in Eq. (B.11) and taking
the Fourier transform, we obtain

4z, Q 94(z, i
[qb% 2ifyp L —ﬂ§q<z,9>¢]
Po %P D’ _a }
+{—ax2 + — 52 +— [1+ 7V, 0)] ¢ oGz Q)
3w ){(3) 3 _
= -2 (V]I Q) ® 7"z, —Q) ® §(z. D)}, (B.13)

where Q = w — . To obtain Eq. (B.13), we have used the Fourier transform relations

F <(§Tf> = —w?A(w) (B.14)

and
FIAMB(1)] = A(w) ® B(w)
’ o
i \p(e= ) do (B.15)
2r 2z 2r
Under the slowly varying envelope approximation, the first term in Eq. (B.13) can be ignored, which is a good
approximation for pulse widths that are much longer than the period 27z /@,. From Eq. (10.29), we have

1+ 7V, 0) = n(r, 0), (B.16)
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where n is the linear refractive index of the fiber. For a single-mode fiber we have

02_¢ 62<[> 2n?(r, w) )
o + I = )9, (B.17)
where f(w) is the propagation constant. Substituting Egs. (B.16) and (B.17) in Eq. (B.13), we obtain
0G(z, Q 30? x®
2if, "(Z 9&R) 1 w) - B = - E (¢ (5, )]z Q) ® (2, —) ® 4z D)1} (B.18)

To remove the dependence of transverse field distributions, we multiply Eq. (B.18) by ¢(x, y) and integrate
from —oo to oo in the x—y plane to obtain

0 L@ =R 3020
1— = -
BZ 2ﬂ0 8C2Aeffﬂ0

[G(z, Q) ® " (z, —Q) ® G(z, )], (B.19)

where

[+ ) : dxd
A = /_°° /_°° ¢ o y)dx y. (B.20)

[ e &4, y)dxdy
The second term on the left-hand side of Eq. (B.19) can be approximated as

[F*(w) - B31g _ [B@) + fllB(@) — ol
26, 26y

The above approximation is valid if the difference between f(w) and f, is quite small. If the spectral width
of the optical signal is comparable with or larger than @, the above approximation could be incorrect. When
the spectral width Aw < w,, we can approximate f/(w) as a Taylor series around w,, and retain the first three
terms,

= [f(@) = bolg. (B.21)

B(®) = By + By (@ — wy) + %(a) —wy) + /s (- @), (B.22)
where n
B, = il (B.23)
do’ W=

is known as the nth-order dispersion coefficient (see Chapter 2). Substituting Egs. (B.21) and (B.22) in
Eq. (B.19), we obtain

0 P i _ B(wg + . .
i1 4 <ﬁ19 + 39+ 393) §=-—"0 3.9 ® 7@~ ® 4 Q). (B.24)

If we include the fiber losses by treating the refractive index n as complex with its imaginary part being
frequency independent, Eq. (B.24) is modified as

.0 B P g ;% 3(wg + Q)Y . .

Sl (po+ 2ot 203 ) =i - T 300076 -0 ® 3L (B29)
()Z 2 SC Aeffﬂ()

where «a is the fiber loss coefficient related to the imaginary part of the refractive index through Eq. (10.37). We

have assumed a to be independent of frequency. Since Q < @y, (@, + Q)* ~ w(z) + 2w €2. Now, performing

the inverse Fourier transform, we obtain

99 2 _ i 0°q 2y 0ql’q) | ia
— e = B.2
( A a:) ﬂzaﬂ tirlala =5 o, o 27 (B-26)

www.EngineeringEBooksPdf.com



536 Fiber Optic Communications

where -
30)0 )(( )
Y= oo B.27)
8c2Agirhy

is the nonlinear coefficient. Note that multiplication by € in the frequency domain leads to the operator i % in
the time domain. Eq. (B.26) in the absence of the right-hand side terms is called the nonlinear Schrodinger
equation (NLSE). The third term on the left-hand side represents self-phase modulation, which is discussed
in Section 10.5. The second term on the right-hand side of Eq. (B.26) is responsible for self-steepening.
The terms on the right-hand side of Eq. (B.26) become important for ultra-short pulses (pulse width < 1ps).
Eq. (B.26) in the presence of the right-hand-side terms is called the modified nonlinear Schrédinger equation
(MNLSE). From Eq. (10.53), we have

3,3
= . B.28
1, 811y (B.28)
Using Eq. (B.28) in Eq. (B.27) and noting that f§, = wyn,/c, we obtain
= 2% (B.29)
CAefe
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absorption coefficient, 157, 158

adaptive equalizers, 510, 512-3, 510-513

additive white Gaussian noise (AWGN) channel,
335

alternate mark inversion (AMI), 139, 140, 169-72,

170-172
Ampere’s circuital law, 4, 4—5
Ampere’s Law
Ampere’s circuital law, 4, 4-5
density, 4, 5
differential form, 9
magnetic field intensity, 3—6, 4
magnetic flux, 4, 5-6
permeability, 5
relative permeability, 5
amplified spontaneous emission (ASE)
amplifier noise figure, 260, 260—-262
amplifier spacing impact, 318-19, 319, 323,
326-7, 3267
ASE—ASE beat noise, 253, 256, 259, 261,
291-6, 292, 295, 323,471
bandwidth, 252, 252, 262, 290, 292, 294
cutoff frequency, 255, 292, 294
dark current, 260
in EDFAs, 280-281
electrical filter, 2545, 288—-96, 292, 295
equivalent noise figure, 317, 31718
field envelope, 251-2, 252
mean noise power, 2545
mean (total), 256—8
noise, band-pass representation, 250, 250

noise, low-pass representation, 249-51,
250-251
noise output, 251-6, 252, 259-61, 260, 289
optical filter, 254, 288-96, 292, 295
optical signal-to-noise ratio (OSNR), 262-3,
317-318, 321-2
photocurrent, 259
polarization, 248
polarization (dual), 258-9, 262
polarization (single), 251-2, 252
power spectral density, 249-52, 251-2, 254-5,
261, 289, 296, 316-319, 319, 471, 478
principles, 248-9
Rayleigh back scattering, 287, 287-8
shot noise, 261
signal—ASE beat noise, 253-6, 259, 288-90,
326
signal-to-noise ratio (SNR), 260, 261, 296
spontaneous emission factor, 261
spontaneous emission factor
(population-inversion factor), 248
system impact generally, 251-3, 252
total power incident, 258
transmission system design, 315-317, 316
variance (total), 256—8
amplitude and phase-shift keying (APSK), 178—82,
179-80
amplitude modulation, 144, 144, 155, 157
amplitude-shift keying, 144, 144, 158, 158-60,
160
anti-Stokes Raman scattering, 479
APD-HEMT photoreceivers, 224
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APDs (avalanche photodetectors), 207—12, 208-9,
212

APSK, 178-82, 179-80

arbitrary receiver filter error probability, 345

arrayed-waveguide gratings, 398, 398-401

ASE-ASE beat noise, 253, 256, 259, 261, 291 -6,
292, 295, 323, 471

avalanche photodetectors (APDs), 207-12, 208-9,
212

AWGN (additive white Gaussian noise) channel,
335

balanced coherent receivers, 232, 306, 306—13,
309-11
balanced IQ coherent receivers, 237-9
bandwidth
ASE, 252, 252, 262, 290, 292, 294
OFDM systems, 403, 414-5
optical fiber transmission, 35—-6
partial response signals, 167—8, 1678
photodetectors, 213—15
SOAs, 266-7, 266—8
transmission system design, 323—4
Baraff’s expression, 208
BASK, 172-4,173-4
bipolar junction transistor (BJT), 2067, 207
bit error rate (BER)
FSK, 373-4
homodyne receivers, 348, 349
optimum binary receivers, 337-9, 339, 344
phase-shift keying (PSK), 385-6
transmission system design, 303-305, 304-305,
308-313, 309-311, 320, 320-321, 324,
324-5
See also error probability
blind equalizers, 513, 513
Boltzmann’s law, 95, 101
B-PSK, 174-8, 175-8, 463—-4, 471

cavity-type (Fabry—Perot) SOAs, 264, 2648,
266-7,273,296-8
CD equalization, 50613, 507-10, 513
coherent receivers
balanced, 232-4, 233
balanced 1Q, 237-9
heterodyne (See heterodyne receivers)
homodyne (See homodyne receivers)

optimum binary receivers (See optimum binary
receivers)
polarization, 239-42, 240
principles, 227-8
single-branch, 228, 228-9
single-branch 1Q, 234-7, 235-7
transmission system design, 322-5, 324
complementary error function, 338-9
constant modulus algorithm (CMA) equalizers,
510, 512-3, 510-513
Corning Glass Works, 35
Coulomb’s law
bullet flow divergence, 3, 4
charges, force of attraction/repulsion, 1-2, 2
divergence, 3
electrical field density, 1-3
electric flux density, 2, 2—3
flux crossing, 2
Gauss’s law, 3
Gauss’s law, differential form of, 3,4, 6
permittivity, 1
radius, flux crossing relationship to, 3
sphere, electric flux passing through, 2, 2—-3
test charge force, 1-2, 2
volume charge density, 3
cross-phase modulation (XPM)
distortion, 4478, 448
efficiency, 441-5, 444
fiber dispersion, 75
optical fiber transmission, 75
phase noise, 477
phase shifting, 446-7, 447
power spectral density (PSD), 447-8, 448
principles, 419, 438-9
pulse separation, 439, 441-3
pump power, 445-6
SPM interactions with, 438—-9
system performance impact, 445-8, 448
timing shift, 439-41, 440-441
variance calculations, 463—-6
walk-off parameter, 443—4, 444

DBRs (distributed Bragg reflectors), 132, 212, 214

d.c. extinction ratio, 156

De Broglie wavelength, 109

differential phase-shift keying, 146-9, 147-9,
162-3,163
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diffraction-based multi/demultiplexers, 398, 398
digital back-propagation, 516-22, 518, 520-521
digital signal processing

adaptive equalizers, 510, 512-3, 510-513

benefits, 497

blind equalizers, 513, 513

CD equalization, 506—13, 507-10, 513

coherent IQ receiver, 497-8, 497-8

digital back-propagation, 516-22, 518,

520-521

effective noise mean, 522

FIR filter, 508, 508

IF estimation and compensation, 501-3, 501-3

impulse response, 523

laser phase noise, 498—-500, 500

multi-span DBP, 521-2, 522

Nyquist theorem, 509

amplifier gain, 379

bit interval, 378

bit transmission, 374-5, 375

delay-and-add filter, 376, 377

delay-and-subtract filter, 377, 377

direct detection modulation scheme comparison,
379-81, 380

duty RZ pulses, 378

matched filters, 376, 377

maximum transmission distance, 378-9

operating frequency, 378-9

optical field envelopes, 375, 376

orthogonality, 375-6, 376

power spectral density, 379

principles, 374-9, 375-8, 461

signal energy, 377-8

operators, identity operators, 524

phase estimation and compensation, 5036,
504, 506

phase unwrapping, 505-6, 506

polarization mode dispersion equalization,
513-16, 514-6, 523-4

dipole moment, 421
Dirac delta function, 47-8, 83—4
direct detection systems

DPSK, 374-9, 375-8, 461

FSK systems (See frequency-shift keying (FSK))

IMDD systems, 445-8, 448

modulation scheme comparison, 379-81, 380

OOK (See OOK systems)

photodetectors, 219-24, 220-223

principles, 368

transmission system design, 316, 319-22, 320,
326-17,326-7,331-3

dispersion-compensating fibers (DCFs)

CD equalization, 506—-13, 507-10, 513

fiber dispersion, 75

FIR filter, 508, 508

impulse response, 523

nonlinear effects, 4668, 46671, 486
principles, 79-81, 80

pulse width/fiber length calculations, 84, 84—6
transmission system design, 331-3

echo pulses, 455-7, 456-17, 467, 467
EDFA. See erbium-doped fibers amplifier (EDFAs)
Einstein, Albert, 93, 94
Einstein coefficients, 97—-100
electroabsorption (EA) modulators, 157, 157-8
electromagnetic wave propagation
anomalous dispersion, 30
described, 17, 17-19
energy densities, 18
group velocity, 26-31, 27
group velocity dispersion, 30
inverse group speed, 29, 30
optical intensity, 18
phase velocity, 26-31, 27
power density, 18
prism, light propagation, 29, 29
electron microscopy, 110
equivalent noise figure, 317, 317-318
erbium-doped fibers amplifier (EDFAs)
absorption cross-section, 276—7
amplified spontaneous emission, 280-281
carrier lifetime, 281
energy transfer, 277
gain coefficient, 281
gain saturation, 280, 280
gain spectrum, 274-5, 275, 285
interchannel cross-talk, 281

distributed Bragg reflectors (DBRs), 132, 212, 214
distributed-feedback lasers, 132—3
DPSK systems

optical intensity, 276
photon flux density, 275
polarization-dependent gain (PDG), 281
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erbium-doped fibers amplifier (EDFAS) (continued)

population inversion, 280

principles, 247, 274, 274

pump absorption, 275

pump power, 278—-80, 279

pump threshold, 280

rate equations, 275-80, 279

signal beam evolution, 27880, 279

signal power, 278—-80, 279

SOAs vs., 281

steady-state conditions, 277

wavelength-selective coupler (WSC), 274, 274

error probability

heterodyne receivers, 355-6, 362—4, 364,
366-17, 367

OOK systems, 355-6, 362—-4, 364, 370-371,
384-5

optimum binary receivers, 338-9, 345

phase-shift keying (PSK), 385-6

See also bit error rate (BER)

Fabry—Perot resonator, 21418, 218
Faraday’s Law
Ampere’s Law, differential form, 9
curl of vector, 7-9, 8—9
defined, 6, 67
electric field formation, 9
electromotive force (e.m.f.), 6, 67
integrals, 7
magnetic flux, 7
paddle wheel analogy, 8-9, 8—-9
Stokes’s theorem, 7, 9
Fermat’s principle, 21-5, 22, 23
Fermi—Dirac function, 116, 117
fiber loss-induced limitations generally, 301-6,
302-5
field envelopes
ASE, 251-2, 252
complex, 426
DPSK systems, 375, 376
heterodyne receivers, 356, 359
homodyne receivers, 347, 349
modulators, modulation schemes, 161
MZ interferometer modulators, 395, 397
nonlinear effects in fibers, 487-9, 489
optical amplifiers, 247-50, 248, 250-251
optical fiber transmission, 58—70, 76—7, 834,
86-7,487-9, 489

output, 427
single-mode fibers, 58—70, 76—7, 83—4, 867

FIR filter, 508, 508
four-wave mixing (FWM)

central channel tones, 4846, 485—-6

degenerate FWM, 452, 452

degenerate IFWM, 456, 457

echo pulses, 455-7, 456-7, 467, 467

efficiency, 450-453, 451

fiber dispersion, 75

interchannel/intrachannel analogy, 457, 458

mean power, 452, 452-3

non-degenerate FWM, 452, 452

non-degenerate [IFWM, 456, 457

numerical simulation, NLSE, 466—8, 46671

optical fiber transmission, 75

phase noise, 477

principles, 419, 435-6, 436, 438, 448-53,
451-2

variance calculations, 463—-6

free spectral range (FSR), 266
frequency-division multiplexing (FDM), 391
frequency-shift keying (FSK)

asynchronous detection, 3647

bit transmission, 3734

direct detection, 371, 371-4

direct detection modulation scheme comparison,
379-81, 380

direct detection principles, 371, 371-4

error probabilities, 373—4

heterodyne receivers, 3568, 357-8

matched filters, 371-2

modulation schemes comparison, 366—7, 367

MZ interferometer modulators, 145, 145-6,
163, 164

orthogonal, 358-9

orthogonality, 375

orthogonality conditions, 373

Parseval’s relations, 372

photodetector outputs, 372-3

principles, 145, 145-6, 163, 164

variances, 373

FSK. See frequency-shift keying (FSK)
full-width at half-maximum (FWHM), 64, 267, 314
FWM. See four-wave mixing (FWM)
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gallium arsenide photodetectors, 192, 1923, 197
Gaussian pulse, 65-7, 65-7, 86-9, 87-8
Gauss’s law, 3

Gauss’s law, differential form of, 3, 4, 6
Godard’s algorithms, 513

Gordon—Mollenauer phase noise, 474—6
graded-index multi-mode fibers, 424, 43

group velocity, 26-31, 27

guided modes, 46—51, 47, 49-50, 54

half-wave voltage (switching voltage), 152
Helmholtz equation, 45
heterodyne receivers
ASE limited systems, 352
asynchronous detection, 351
asynchronous detection (FSK), 364—7
asynchronous detection (OOK), 359-64, 360,
364
BER, 357-8, 358
bit energy, 354, 357
bit transmission, 362—3, 366
electron charge, 355
envelope detector outputs, 365-6
error probability, 355-6, 362—4, 364, 366-7,
367
fiber-optic link model, 350, 350-351
field envelopes, 356, 359
frequency component, 361-2, 365
frequency-shift keying (FSK), 356-8, 357-8
Marcum Q-function, 364
matched filters, 351-2, 351-2, 356, 357,
359-62, 360, 364-5, 381-2
matched filter transfer function, 359
modulation schemes comparison, 366—7, 367
noise calculation, 354-5
orthogonal FSK, 358-9
orthogonal signals, 365
output sample, 362
pdf component, 362, 366
phase-key shifting (PSK), 351-3, 355-6
photocurrent, 350
photocurrents, 356
power spectral density (PSD), 350, 355, 361,
382-4
received signal power, 353
Rician distribution, 362, 366
scaling factor, 350, 359, 360, 365

shot noise limited systems, 3523
signal calculation, 354, 381-2
sinc function, 357-8, 358
single-branch, principles, 230-232, 231-2
synchronous detection (FSK), 356-8, 357-8
synchronous detection (OOK), 353-6
synchronous detection (PSK), 351-3
threshold, 362—-3
total current, 350
heterojunction lasers, 124-5, 124-6, 128
heterojunction phototransistor (HPT), 207
Hockham, G., 35
homodyne receivers
asynchronous detection, 351
average energy, 347, 349
bit error ratio, 348, 349
current output, 3467
detection, 347-8
direct detection modulation scheme comparison,
379-81, 380
fiber-optic channel noise, 346
field envelope, 347, 349
matched filters, 347
noise, 346, 3867
normalized energy per bit, 348
on—off keying, 349, 349
Parseval’s relations, 348, 386
phase-shift keying (PSK), 347-8, 385-7
power spectral density, 346, 347
Q factor/BER relationship, 348
received signal power, 353
scaling factor, 347
shot noise/thermal noise, 346
single-branch, principles, 229-30
transmission system principles, 345-6, 346

IF estimation and compensation, 501-3,
501-3

IFWM (intra-channel four-wave mixing), 419,
454-17,456-7, 463-6, 477

IMDD systems, 445-8, 448

impact ionization phenomenon, 207-8, 208

indium gallium arsenide, 192, 193, 203, 2034,
211-2

indium gallium arsenide phosphide, 192, 193, 203,
203-4,211-2
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intersymbol interference (ISI)
causes, 75
delay-and-add filters, 163-5, 164-5
in eye diagrams, 223
Nyquist pulse, 165
in OFDM systems, 402
in OOK systems, 313-15, 314
variance calculations, 463—7
intra-channel cross-phase modulation (IXPM), 419,
454, 455, 463-6, 477
intra-channel four-wave mixing IFWM), 419,
454-17,456-7, 463-6, 477
inverse group speed, 29, 30
ISI. See intersymbol interference (ISI)
IXPM (intra-channel cross-phase modulation), 419,
454, 455, 463-6, 477

Johnson noise. See thermal noise

Kao, C., 35

Keck, D., 35

Kerr coefficient, 426, 428
Kerr effect, 419, 426, 439, 481
Kronecker delta function, 464

laser phase noise, 498—-500, 500

lasers
absorption rate, 94, 94, 99
active regions, 124, 125, 127
De Broglie wavelength, 109
directly modulated, 149-50, 150
distributed-feedback, 132-3
Einstein coefficients, 97—-100
enclosed radiation, 96—7, 96—8
energy density, 99-101, 106, 107, 111-2,

126-30, 130

energy difference, 95-6, 96
energy spectral density, 96—7, 97, 99-101
energy sublevels, 98—9
excited level decay rate, 98
Fabry—Perot cavity, 102-3, 102—4, 135
frequencies, wavelengths, 104, 133—-4
heterojunction, 1245, 124-6, 128
history, 93
homojunctions, 124, 124
longitudinal modes, 104, 104, 1067
loss and gain profiles, FP laser, 104, 104

loss coefficient, 103, 106, 129, 135
loss effects, 101, 101-3, 106, 112, 135
monochromatic frequency radiation, 99
multi-longitudinal-mode, 104, 105
Nd-Yag laser, 274
non-radiative transition, 111
optical intensity evolution, 105-6, 106
oscillations, conditions for, 101-6, 101-7
oscillator components, 102, 102
output propagation, 1-dimensional wave
equation, 14—15
photon density growth rate, 111
photon lifetime, 112
population density, ground state, 111
population inversion, 98, 112-3
principles, 93—-101, 94-7
pumps, 98, 111, 127
rate equations, 110-113, 126-8
rate equations steady-state solutions, 128—32,
130
round trip phase changes, 1034
ruby laser, 108, 108, 274
semiconductor laser, 108
semiconductor laser diodes (See semiconductor
laser diodes)
semiconductor physics (See semiconductor
physics)
spontaneous emission, 100—101, 95, 95, 98
stimulated emission, 100—-101, 94-5, 945, 98
wave—particle duality, 108—10
least mean squares (LMS) equalizers, 510,
510-513, 512-513
linear electro-optic effect (Pockels effect), 151
linear Schrédinger equation, 460
line coding, 139, 140
loss
fiber loss, single-mode fibers, 69-74, 70, 71
fiber loss-induced limitations generally, 301-6,
302-5
loss and gain profiles, FP laser, 104, 104
loss coefficient, lasers, 103, 106, 129, 135
loss effects, lasers, 101, 101-3, 106, 112, 135
mirror, 129, 131

Mach—-Zehnder (MZ) interferometer modulators
alternate mark inversion, 169-72, 170-172
amplitude-shift keying, 144, 144, 158, 158-60,

160
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biasing, 171
channel spacing, 397-8
differential phase-shift keying, 146-9, 147-9,
162-3,163
field envelope, 395, 397
frequency-shift keying (FSK), 145, 145-6, 163,
164
input power, 3967
M-ASK, 172-4,173-4
M-PSK, 174-82, 175-80
outputs, 395-6, 398
path-length difference, 396, 398
phase-shift keying (PSK), 144-5, 145-6,
160-162, 161-2
phase shifts, 396
power transmittances, 396, 396, 398
principles, 153, 153-6, 395-7, 395-8
propagation constant, 396
schematic, 395, 397
wavelengths, 397
MASER, 93
M-ASK, 172-4,173-4, 180-181
Maurer, R., 35
Maxwell’s equations
current source, electron oscillation, 421-3
described, 9-10
dielectric medium propagation, 12
electrical field formation, 9—10
electromagnetic wave, 10—11
Faraday’s Law (See Faraday’s Law)
free-space propagation, 11-12
Gauss’s law, differential form of, 3,4, 6
magnetic field formation, 9—-10
nonlinear effects in fibers, 421-3
refractive index, 12
in source-free region, 10
wave equation, 11
mean
current, 323
effective noise, digital signal processing, 522
frequency, 308, 311
noise power, 254-5, 316, 323
noise power, ASE, 254-5
OOK systems, 310-313, 369, 465-6, 490-491
photocurrent, 301-3, 302-3
power, FWM, 452, 452-3
total, ASE, 256-8

transmission system design, 304-5, 307, 312-3,
320, 323

MESFET (metal—semiconductor field-effect

transistor), 205

modulators, modulation schemes

absorption coefficient, 157, 158

alternate mark inversion, 139, 140, 169-72,
170-172

amplitude modulation, 144, 144, 155, 157

amplitude-shift keying, 144, 144, 158, 158-60,
160

balanced driving (push—pull operation), 154-5

conservation of power, 154

d.c. extinction ratio, 156

differential coding, 147, 147-8

differential phase detection, 147

differential phase-shift keying, 146-9, 147-9,
162-3,163

direct modulation, 149-50, 150

double sideband with suppressed
carrier(DSB-SC), 155

duty cycle, 140—-141, 143

electroabsorption (EA) modulators, 157, 157-8

external modulators, 150-158, 151, 153, 157

field envelope, 161

frequency shift (frequency chirp), 154-5

frequency-shift keying (FKS), 145, 145-6, 163,
164

half-wave voltage (switching voltage), 152

line coding, 139, 140

local oscillator (LO), 147, 147

Mach—-Zehnder (MZ) interferometer
modulators, 153, 153-6

multi-level signaling, 172-82, 173-80

non-return-to-zero (NRZ) (See
non-return-to-zero (NRZ))

output power, 154, 157, 159

partial response signals, 163-72, 164—71

phase modulation, 144-5, 145-6, 151, 151-3

phase-shift keying (PSK), 144-5, 145-6,
160-162, 161-2

Pockels effect (linear electro-optic effect), 151

polarity, 139, 140, 142-3, 143, 160, 182-3

power spectral density, 141-3, 143, 182—4

pulse shaping, 139-41, 140

radiation modes, 154

raised-cosine pulse, 183-4
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modulators, modulation schemes (continued)
return-to-zero (RZ), 139-41, 140, 142-3, 143,
158, 158-60, 160, 161-2
truth tables, 148, 148
unipolar signals, 139, 140, 142-3, 143, 182-3
waveforms, 148, 149
moment theorem, 291, 293
M-PSK, 174-8, 175-8
MSM-HEMT photoreceivers, 222-3, 223
MSM-PD (metal —semiconductor—metal
photodetector), 204—6, 205
multi-level signaling
amplitude and phase-shift keying (APSK),
178-82, 179-80
M-ASK, 172-4,173-4, 180-181
M-PSK, 174-8, 175-8
principles, 172
quadrature amplitude modulation, 178—82,
179-80
multiplexing
arrayed-waveguide gratings, 398, 398—401
diffraction-based multi/demultiplexers, 398, 398
frequency-division multiplexing (FDM), 391
OFDM (See orthogonal frequency-division
multiplexing (OFDM))
polarization division multiplexing (PDM),
389-91, 390
time-division multiplexing (TDM), 409-10,
409-12
WDM (See wavelength-division multiplexing
(WDM) systems)

Nd-Yag laser, 274
nearly traveling-wave amplifier (NTWA), 269-70
Newton’s law, 420
noise
amplifier noise figure, 260, 260—262
ASE—ASE beat noise, 253, 256, 259, 261,
291-6, 292, 295, 323, 471
ASE noise, 304, 323
band-pass representation, 250, 250
equivalent noise figure, 317, 31718
laser phase, 498-500, 500
low-pass representation, 249-51, 250-251
mean noise power, 2545
optical signal-to-noise ratio (OSNR), 262-3,
317-8,321-2

optimum binary receivers, 336, 339-40, 344

output, ASE, 251-6, 252, 259-61, 260, 289

phase noise, 471-8

photodetectors, 2227, 225

shot (See shot noise)

signal—ASE beat noise, 253-6, 259, 288-90,
326

thermal (See thermal noise)

nonlinear effects in fibers

absorption, 4234

amplification, 423 -4

atoms per unit volume, 421-2, 422

channel spacing, 451, 451

chromatic dispersion, 423

complex field envelope, 426

constant of integration, 435

constant time shift, 426

cross-phase modulation (XPM) (See cross-phase
modulation (XPM))

current source, electron oscillation, 421-3

damping coefficient, 423

degenerate FWM, 452, 452

dipole moment, 421

dispersion coefficient (third-order), 449—-50

electric flux density, 422—-3

electron, net force acting on, 420

electron center motion, 420

electron oscillator model (classical), 419-23,
420, 422

energy dissipation, 423

fiber dispersion, 426—8

fiber dispersion/SPM combined effects, 4334,
433-6, 436

field envelope, 487-9, 489

first-order susceptibility (linear susceptibility),
422

four-wave mixing (FWM) (See four-wave
mixing (FWM))

frequency, 425

frequency components, SPM, 430-434, 431-3

IFWM triplets, 464

instantaneous frequency, 428

instantaneous power, 428

interchannel effects generally, 437, 437-8

interchannel/intrachannel analogy, 457, 458

intrachannel, theory of, 457-63, 459
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intra-channel cross-phase modulation (IXPM),
419, 454, 455, 463-6, 477

intra-channel four-wave mixing IFWM), 419,
454-7,456-7, 463-6, 477

intrachannel impairments generally, 454

inverse scattering transform (IST), 434

Kerr coefficient, 426, 428

Kerr effect, 419, 426, 439, 481

Kronecker delta function, 464

linear Schrédinger equation, 460

Maxwell’s equations, 421-3

Newton’s law, 420

numerical simulation, NLSE, 466—8, 46671

output field envelope, 427

peak nonlinear phase shift, 431-3

peak power, 432, 436

percentage pre-compensation ratio, 4678, 468

perturbation theory, 459, 486

phase matching, 450, 483-4

phase mismatch, 449

phase noise, 471-8

plane wave (forward-propagating), 424

polarization, 422-5

propagation constant, 449

pseudo-linear system, 454

pulse separation, 439

refractive index, 423, 424, 426

relative permittivity, 423

restoration force, 420

self-phase modulation (SPM) (See self-phase
modulation (SPM))

soliton formation, 419, 433-6, 434—6

stimulated Raman scattering (SRS), 247,
478-83, 479

strongly pulse-overlapped system, 454

susceptibility, 4246

variance calculations, 463—6, 490—491

WDM systems, 419, 437, 437-8

nonlinear Schrédinger equation

described, 428-9, 429

intrachannel nonlinear effects theory, 457-63,
458

numerical simulations, 466—8, 46671

WDM systems, 437

non-return-to-zero (NRZ)
constellation diagrams, 509, 509

principles, 139-40, 140, 142-3, 143, 158,
158-60, 160
spectral efficiency, 392
spectral width, 76
nonzero dispersion-shifted fibers (NZ-DSFs), 75,
80
NTWA (nearly traveling-wave amplifier), 269-70
Nyquist filter (ideal), 308, 331
Nyquist pulse
partial response signals, 165—-6, 166
WDM systems, 393
Nyquist sampling theorem, 471, 509

OFDM. See orthogonal frequency-division
multiplexing (OFDM)
1-dimensional wave equation
complex notation (analytic representation),
16—17
described, 12—15
laser output propagation, 14—15
light pulse propagation, 13—14
plane waves, 15-16
OOK systems
ASE noise, 319-22
asynchronous detection, 351, 359-64, 360, 364,
368
bit transmission, 362-3, 369-71
direct detection modulation scheme comparison,
379-81, 380
direct detection principles, 368, 368—71
dispersion-induced limitations, 313—15, 313—4,

4667

error probability, 355-6, 362—4, 364, 370-371,
384-5

fiber loss-induced limitations generally, 301-6,
302-5

frequency components, 361-2

ISI'in, 313-15, 314

Marcum Q-function, 364, 370

matched filter impulse response, 359

matched filter transfer function, 359, 368

mean and variance, 310-313, 369, 465-6,
490-491

modulation schemes comparison, 366—7, 367

noise component, 360-361

nonlinear Schrédinger equation, 428-9, 429,
437, 457-63, 458
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OOK systems (continued)

numerical simulation, NLSE, 467, 468
optical filter output, 368—9

output sample, 362

pdf component, 362, 369

power spectral density (PSD), 361
Q-factor, 308-9, 323-4, 332

Rician distribution, 362

scaling factor, 359, 360

signal output, 359-60, 360

spectral efficiency, 392

synchronous detection, 353—-6

threshold, 362-3

threshold current, 369

total current at decision instant, 369
transmitted optical field envelope, 359
transmitter output power, 316, 326, 331-2
XPM (See cross-phase modulation (XPM))

optical amplifiers

ASE (See amplified spontaneous emission
(ASE))

dispersion-compensating fibers (DCFs) (See
dispersion-compensating fibers (DCFs))

erbium-doped fibers amplifier (EDFAs) (See
erbium-doped fibers amplifier (EDFAs))

field envelope, 247-50, 248, 250251

historically, 247

mechanisms, 247

model, general, 247-8, 248

nearly traveling-wave amplifier (NTWA),
269-70

Raman amplifiers (See Raman amplifiers)

semiconductor optical amplifiers (SOAs) (See
semiconductor optical amplifiers (SOAs))

stimulated Raman scattering (SRS), 247,
478-83, 479

traveling-wave, 268—74, 269, 272

optical fiber transmission

acceptance angle, 38, 39
attenuation, 36

average power density, 50
bandwidth, 35-6

Bessel functions, 46—7, 47

bit rate—distance product, 41
carrier wavelength, 76—8
counter-clockwise modes, 46
cross-phase modulation (XPM), 75

cutoff wavelength, 68—9

differential delay, 74-5

Dirac delta function, 47-8, 83—4

dispersion in multi-mode fibers, 39-42, 40—41

dispersion parameter, 74-5

dispersion slope, 75-8, 77

effective index, 52—3

electromagnetic interference (EMI), 36

extrinsic absorption, 72

fiber dispersion, 74-5

fiber loss, 69-74, 70, 71

fiber nonlinearity, 60

fiber structure, 35—-6, 36

fiber transfer function, 59

field distribution, 57-8, 69

field envelope, 58-70, 76—7, 83—-4, 867,
487-9, 489

forward-propagating modes, 45—-6, 52-3,
70-71

four-wave mixing (FWM) (See four-wave
mixing (FWM))

frequency, 48-50, 57-9, 75

frustrated total internal reflection, 36, 36—7

Gaussian pulse, 65-7, 65-7, 86-9, 87-8

graded-index multi-mode fibers, 424, 43

guided modes, 46-51, 47, 49-50, 54

guided modes, excitation, 55—6

Helmholtz equation, 45

history, 35

intermodal dispersion, 39, 40, 41, 56

intervals, 40—41, 40—41

intramodal dispersion, 57

intrinsic absorption, 72

linearly polarized (LP) modes, 44-5, 45

linear phase shift, 59

LP,,, mode, 49-50

material absorption, 71-4

mode cutoff, 49, 51-2

mode-division multiplexing, 68

multi-mode fibers, 39, 39, 57, 68

non-return-to-zero (NRZ) signal (See
non-return-to-zero (NRZ))

nonzero dispersion-shifted fibers (NZ-DSFs),
75, 80

numerical aperture, 37-8, 37-9, 81-2

optical field distribution, 59-60, 60

optical intensity, 51, 51-3
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optical power, dBm units, 61 impulse response, matched filter, 341
parabolic index profile, 43, 43, 44 matched filter, 340—-341, 341
phase speed, 53 matched filter realization, 3423, 3424
polarization mode dispersion, 78—9 noise variance, 336, 339-40, 344
power/dBm unit relationships, 60, 62—7, 60-67, optimum threshold, 338, 341, 344
83 Parseval’s relations, 340
power reflection coefficient, 37, 37 power spectral density, 335, 342
propagation constants, 48—50, 49, 54, 57-60, pulse energy, 3445
60, 75, 82 received signal, 336
pulse broadening, 39, 40, 57 signal component, 336
pulse compression, 86, 87 time-shifting property, 344—5
radiation modes, 46, 54-5, 55 transfer function, 339, 339-41, 341
Rayleigh scattering, 70, 71, 70-71 orthogonal frequency-division multiplexing
ray-optics theory, 39 (OFDM)
ray propagation in fibers, 3643, 36—44 bandwidth, 403, 414-5
rectangular pulse, 62—4, 62—4 block diagram, 404
refractive index difference, 38—9 carrier frequencies, 403—-4
refractive index profile, 35, 36 cyclic prefix, 405-6
single-mode fibers (See single-mode fibers) DFT, 404
spot size, 79 digital-to-analog converter (DAC), 406, 406—7
step-index fiber, 35, 434 dispersion, 404-5, 405
step-index fiber modes, 44-57, 45, 47, 49-53, experiments, 4089
55,57 frequency separation, 403
Taylor expansion, 76 IDFT, 404
Taylor series, 58—9 1Q modulator, 4067, 407
total internal reflection, 38, 38, 39, 40 IST in, 402
total power calculation, 50—51, 51-3, 60—61 Mach—Zehnder modulator, 407, 407
triangular index profile, 43 polarization, 414-15
2-dimensional planar waveguide analogy, 53—4 principles, 402, 402—-6, 405-6
universal curve, 49 QAM-16, 406
zero dispersion wavelength, 75 receiver, 407-8, 408
optical receivers. See photodetectors signal power, 414-415
optical signal-to-noise ratio (OSNR), 262-3, spectral efficiency, 414-5
317-18,321-2 subcarriers, 405, 405-6, 413-5
optical time-division multiplexing (OTDM), transmitter, 406, 4067
409-10, 409—12 orthogonal FSK, 358-9
optimum binary receivers orthonormal functions, 472
additive white Gaussian noise (AWGN) channel,
335 Parseval’s relations
arbitrary receiver filter error probability, 345 FSK systems, 372
bit error rate (BER), 337-9, 339, 344 homodyne receivers, 348, 386
bit transmission, 336-7, 337 optimum binary receivers, 340
complementary error function, 338-9 WDM systems, 394
conditional pdf, 336-7, 337 Parseval’s theorem, 289
correlation receivers, 342, 342—4 partial response signals
filters, 335-6, 339-40 alternate mark inversion, 169-72, 170-172
generalized model, 335-41, 336-7, 339, 341 correlative coding, 164
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partial response signals (continued) principles, 144-5, 145-6, 160—162, 161-2
delay-and-add filter, 163—4, 164, 168 synchronous detection, 351-3
duobinary encoding, 164-5, 165-6, 184—5 transmission system design, 310, 312, 330-331
duobinary encoding scheme, 167-8, 168 variance calculations, 463—-6
duobinary signal generation, 168—9, 169—-70 phase unwrapping, 505-6, 506
duobinary signal notation, 166—7 phase velocity, 26-31, 27
Nyquist pulse, 165-6, 166 photodetectors
output, 168 absorption, generation, 193
partial response scheme, 164 absorption coefficient/wavelength relationship,
principles, 163-9, 164-9 190, 191, 194, 217, 218
pulse, pulse bandwidth, 167-8, 167-8 absorption layer thickness, 200
transfer functions, 167, 168 active region, 202
voltage, 1645 amplification, 193
percentage pre-compensation ratio, 467-8, 468 APD-HEMT photoreceivers, 224
performance analysis avalanche multiplication, 209, 209-12, 212
heterodyne receivers (See heterodyne receivers) avalanche photodetectors (APDs), 20712,
homodyne receivers, 345-9, 346 208-9, 212
optimization, 335 bandwidth, 213-15
optimum binary receivers (See optimum binary Baraff’s expression, 208
receivers) capacitance, 206
perturbation theory, 459, 486 classification, types, 189, 191, 192, 202
phased-array demultiplexers, 398, 398—-401 coherent receivers (See coherent receivers)
phase estimation and compensation, 503-6, 504, components, design, 189, 190
506 constructive resonance, 215
phase modulation, 144-5, 145-6, 151, 151-3 cutoff wavelengths, 191, 192, 198
phase noise dark current, 200
Gordon—Mollenauer, 474—6 depletion region, 194, 195
laser, 498 design rules, 199-200
linear, 471-3 DHBT configurations, 222
matched filters, 473 diffusion of minority carriers, 200
Nyquist sampling theorem, 471 diffusion time effect, 201
orthogonality, 472, 473 direct detection receivers, 219-24, 220-223
orthonormal functions, 472 direct (incoherent) detection, 189
terminology, 471 distributed Bragg reflectors (DBRs), 212,
variance, 4778 214
phase-shift keying (PSK) doping concentration, 201
differential, 146-9, 147-9, 162-3, 163 Fabry—Perot resonator, 214—18, 218
direct detection modulation scheme comparison, finesse in resonators, 216
379-81, 380 gallium arsenide, 192, 192-3, 197
error probability, 385-6 generation—recombination current, 200
heterodyne receivers, 351-3, 355-6 germanium, 191, 192, 192
homodyne receivers, 347-8, 3857 heterojunction phototransistor (HPT), 207
M-PSK, 174-8,175-8 impact ionization phenomenon, 207-8, 208
MZ interferometer modulators, 144-5, 145-6, incident light transmissivity, 214-215
160-162, 161-2 indirect (coherent) detection, 189, 191, 192
nonlinear Schrédinger equation, 428-9, 429, indium gallium arsenide, 192, 193, 203, 2034,
437,457-63, 458 211-212
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indium gallium arsenide phosphide, 192, 193,
203, 203-4,211-212

linearity, 202, 202

maximum quantum efficiency expression,
217

metal—semiconductor field-effect transistor
(MESFET), 205

metal—semiconductor—metal photodetector
(MSM-PD), 204-6, 205

MSM-HEMT photoreceivers, 222-3, 223

noise, 222-7, 225

optical receiver ICs, 219-24, 220-223

oxide layer content, 218—-219, 219

performance characteristics generally, 190—193,
190-193

photoconductive detector, 206

photocurrent, factors contributing to, 194-5, 195

photon absorption, 190—192, 190-192

photon absorption rate, 196, 197

photon incidence rate, 194, 196

photon rate (photon flux), 194

phototransistors, 2067, 207

pin-HBT photoreceivers, 221-2, 222

pin-HEMT photoreceivers, 221, 221

pin photodiode, 201, 201-4, 203

pn photodiode, 194-9, 195, 197, 203

power spectral density, 225-6

quantum efficiency, 193-8, 195, 197, 212-3,
216-7

RC time constant, 201

refractive index, 199-200

resonant cavity-enhanced (RCE) structures,
212-19, 215, 218-9

resonant frequency, Fabry—Perot cavity, 214

responsivity (photoresponse, sensitivity), 198,
197-9, 214-5

SAGCM APD, 211, 213

SAM APD, 211, 212

Schottky barrier photodiode, 204, 204

semiconductor processes, 193

semiconductors used in, 191-3, 192

shot noise, 224—6, 225

signal-to-noise ratio (SNR), 227

silicon, 191, 192, 192, 197

speed (response time), 201, 201-2

surface leakage, 200

temperature dependence, 208—-9

thermal noise (Johnson noise), 226
transmitted power, 195-6
transport, 193
wavelengths, 190, 191, 194, 197-200, 217-9,
218-9
pin-HBT photoreceivers, 221-2, 222
pin-HEMT photoreceivers, 221, 221
pin photodiode, 201, 201-4, 203
Planck, Max, 96, 97
Planck’s constant, 190
Planck’s law, 96
pn photodiode, 194-9, 195, 197, 203
Pockels effect (linear electro-optic effect), 151
polarization
ASE, 248
coherent receivers, 239-42, 240
dual, ASE, 258-9, 262
of light, 31
mode dispersion, optical fiber transmission,
78-9
mode dispersion, single-mode fibers, 78—9
nonlinear effects, 422—-5
single, ASE, 251-2, 252
polarization division multiplexing (PDM), 389-91,
390
polarization mode dispersion equalization, 513—6,
514-6, 523-4
power flow, 17, 17-19
power spectral density
ASE, 254-5, 261
DPSK systems, 379
homodyne receivers, 346, 347
modulators, modulation schemes, 141-3, 143,
182-4
optimum binary receivers, 335, 342
photodetectors, 225-6
power spectral density (PSD)
ASE, 249-52, 251-2, 289, 296, 316-9, 319,
471, 478
cross-phase modulation (XPM), 447 -8,
448
heterodyne receivers, 350, 355, 361, 382—4
OOK systems, 361
transmission system design, 304, 308, 316-9,
319, 325
poynting vector, 17, 17-19
prism, light propagation, 29, 29

www.EngineeringEBooksPdf.com



550

Index

propagation constants, 48—50, 49, 54, 57-60, 60,
75,82
pulse shaping, 139-41, 140

QAM-16 systems, 392, 406

QAM-64 systems, 392—3, 414-5
Q-factor, 303, 308-309, 311-3, 320-332
Q-PSK, 174-82, 175-80, 509, 509

quadrature amplitude modulation, 178-82, 179-80

raised-cosine pulse, 183—4
Raman amplifiers
anti-Stokes Raman scattering, 479
backward-pumping scheme, 2867
counter-propagating pump, 283, 283
decay, 284, 286
gain spectrum, 282, 283, 2847, 285-6
governing equations, 283-7, 285-6
Kerr effect, 481
noise, 282, 287
nonlinear Schrodinger equation, 482
principles, 282-3, 282-3
Rayleigh back scattering, 287, 287—8
schematic, 283
signal, pump powers evolution, 283—-4
spontaneous Raman scattering (SRS), 282
stimulated Raman scattering (SRS), 247,
478-83, 479
Stokes’s shift, 282, 479
time domain description, 481-3
rate equations
EDFAs, 275-80, 279
lasers, 110-113, 126-8
steady-state solutions, 128—32, 130
Rayleigh back scattering, 287, 287—8
Rayleigh scattering, 70, 71, 70-71
RCE structures, 212-19, 215, 218-9
rectangular pulse, 62—4, 62—4
reflection, 21-6
refraction, 21-6
resonant cavity-enhanced (RCE) structures,
212-19, 215, 218-9
Rician distribution, 362, 366
ruby laser, 108, 108, 274

SAGCM APD, 211, 213
SAM APD, 211, 212

Schottky barrier photodiode, 204, 204
Schrodinger equation (linear), 460
Schrodinger equation (nonlinear). See nonlinear
Schrédinger equation
Schultz, P, 35
self-phase modulation (SPM)
fiber dispersion/SPM combined effects, 4334,
433-6, 436
frequency components, 430-434, 431-3
peak nonlinear phase shift, 431-3
peak power, 432, 436
phase noise, 477
principles, 419, 430-436, 4314, 436, 438-9
soliton formation, 419, 433-6, 434—6
variance calculations, 463—6
semiconductor laser, 108
semiconductor laser diodes
active regions, 124, 125, 127, 128
active volume, 131
distributed-feedback lasers, 132-3
electron lifetime, 128-32
energy density, 126-30, 130
gain coefficient, 127-8
heterojunction lasers, 124-5, 124-6, 128
laser rate equations, 126—8
mirror loss, 129, 131
optical gain coefficient, 135
optical intensity, 130
photon lifetime, 128-32
principles, 124
radiative, non-radiative recombination, 126
rate equations steady-state solutions, 128—32,
130
stimulated emission, 129
threshold current, 129, 131
semiconductor optical amplifiers (SOAs)
acquired phase, 270
AR coating, 270-271
bandwidth, 266-7, 266—8
carrier lifetime, 281
cavity-type (Fabry—Perot), 264, 264-8, 266-7,
273,296-8
EDFA vs., 281
free spectral range (FSR), 266
full-width at half-maximum (FWHM), 267
gain, 2667, 266—8
gain coefficient, 281
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gain saturation, 2714, 272

half-width at half-maximum (HWHM), 266

input signal power, 272, 272

interchannel cross-talk, 281

nearly traveling-wave amplifier (NTWA),
269-70

optical signal output, 264, 264

polarization-dependent gain (PDG), 281

principles, 247, 263

total field output, 265

traveling-wave amplifiers, 268—74, 269,
272

types, 263

semiconductor physics

acceptors, 117

band gap E,, 114, 114, 134-5

conduction band, 113-14, 114, 134-5

contact potential, 119

depletion region, 118, 119

direct, indirect band-gap semiconductors,
120-124,121-2, 134-5

donors, 117

doping, 116

effective mass, 116

electron energy states, 115—-17, 116

electron movement, 114—-15, 114-15

energy band structure, 114, 114

Fermi—Dirac function, 116, 117

forward-biased diode, 119-20, 120, 128

holes, 114, 114-5

intrinsic semiconductors, 116—17, 117

n-type semiconductors, 117, 118—19

periodic Coulomb potential, 114—15, 115

PN junction (diode), 118-20, 119-20

PN junction spontaneous/stimulated emission,
120

principles, 11318, 113-18

p-type semiconductors, 117, 118—19

reverse-biased diode, 119, 119

silicon bonding, 113, 113-14

valence band, 114, 114, 134-5
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ASE, 260, 261, 296
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carrier wavelength, 76—8
cross-phase modulation (XPM), 75
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design considerations, 68—79, 70, 71, 77
differential delay, 745
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dispersion parameter, 74—5
dispersion slope, 75-8, 77
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fiber dispersion, 74-5
fiber loss, 69-74, 70, 71
fiber nonlinearity, 60
fiber transfer function, 59
field distribution, 57-8, 69
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(WDM) systems

XPM. See cross-phase modulation (XPM)

www.EngineeringEBooksPdf.com



www.EngineeringEBooksPdf.com



	Fiber Optic Communications: Fundamentals and Applications
	Contents���������������
	Preface��������������
	Acknowledgments����������������������
	1 Electromagnetics and Optics
	1.1 Introduction�����������������������
	1.2 Coulomb's Law and Electric Field Intensity�����������������������������������������������������
	1.3 Ampere's Law and Magnetic Field Intensity����������������������������������������������������
	1.4 Faraday's Law������������������������
	1.4.1 Meaning of Curl����������������������������
	1.4.2 Ampere's Law in Differential Form����������������������������������������������

	1.5 Maxwell's Equations������������������������������
	1.5.1 Maxwell's Equation in a Source-Free Region�������������������������������������������������������
	1.5.2 Electromagnetic Wave���������������������������������
	1.5.3 Free-Space Propagation�����������������������������������
	1.5.4 Propagation in a Dielectric Medium�����������������������������������������������

	1.6 1-Dimensional Wave Equation��������������������������������������
	1.6.1 1-Dimensional Plane Wave�������������������������������������
	1.6.2 Complex Notation�����������������������������

	1.7 Power Flow and Poynting Vector�����������������������������������������
	1.8 3-Dimensional Wave Equation��������������������������������������
	1.9 Reflection and Refraction������������������������������������
	1.9.1 Refraction�����������������������

	1.10 Phase Velocity and Group Velocity���������������������������������������������
	1.11 Polarization of Light���������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	2 Optical Fiber Transmission
	2.1 Introduction�����������������������
	2.2 Fiber Structure��������������������������
	2.3 Ray Propagation in Fibers������������������������������������
	2.3.1 Numerical Aperture�������������������������������
	2.3.2 Multi-Mode and Single-Mode Fibers����������������������������������������������
	2.3.3 Dispersion in Multi-Mode Fibers��������������������������������������������
	2.3.4 Graded-Index Multi-Mode Fibers�������������������������������������������

	2.4 Modes of a Step-Index Optical Fiber*�����������������������������������������������
	2.4.1 Guided Modes�������������������������
	2.4.2 Mode Cutoff������������������������
	2.4.3 Effective Index����������������������������
	2.4.4 2-Dimensional Planar Waveguide Analogy���������������������������������������������������
	2.4.5 Radiation Modes����������������������������
	2.4.6 Excitation of Guided Modes���������������������������������������

	2.5 Pulse Propagation in Single-Mode Fibers��������������������������������������������������
	2.5.1 Power and the dBm Unit�����������������������������������

	2.6 Comparison between Multi-Mode and Single-Mode Fibers���������������������������������������������������������������
	2.7 Single-Mode Fiber Design Considerations��������������������������������������������������
	2.7.1 Cutoff Wavelength������������������������������
	2.7.2 Fiber Loss�����������������������
	2.7.2.1 Rayleigh Scattering
	2.7.2.2 Material Absorption

	2.7.3 Fiber Dispersion�����������������������������
	2.7.4 Dispersion Slope�����������������������������
	2.7.5 Polarization Mode Dispersion�����������������������������������������
	2.7.6 Spot Size����������������������

	2.8 Dispersion-Compensating Fibers (DCFs)������������������������������������������������
	2.9 Additional Examples������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	3 Lasers
	3.1 Introduction�����������������������
	3.2 Basic Concepts�������������������������
	3.3 Conditions for Laser Oscillations��������������������������������������������
	3.4 Laser Examples�������������������������
	3.4.1 Ruby Laser�����������������������
	3.4.2 Semiconductor Lasers���������������������������������

	3.5 Wave-Particle Duality��������������������������������
	3.6 Laser Rate Equations�������������������������������
	3.7 Review of Semiconductor Physics������������������������������������������
	3.7.1 The PN Junctions�����������������������������
	3.7.2 Spontaneous and Stimulated Emission at the PN Junction�������������������������������������������������������������������
	3.7.3 Direct and Indirect Band-Gap Semiconductors��������������������������������������������������������

	3.8 Semiconductor Laser Diode������������������������������������
	3.8.1 Heterojunction Lasers����������������������������������
	3.8.2 Radiative and Non-Radiative Recombination������������������������������������������������������
	3.8.3 Laser Rate Equations���������������������������������
	3.8.4 Steady-State Solutions of Rate Equations�����������������������������������������������������
	3.8.5 Distributed-Feedback Lasers����������������������������������������

	3.9 Additional Examples������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	4 Optical Modulators and Modulation Schemes
	4.1 Introduction�����������������������
	4.2 Line Coder���������������������
	4.3 Pulse Shaping������������������������
	4.4 Power Spectral Density���������������������������������
	4.4.1 Polar Signals��������������������������
	4.4.2 Unipolar Signals�����������������������������

	4.5 Digital Modulation Schemes�������������������������������������
	4.5.1 Amplitude-Shift Keying�����������������������������������
	4.5.2 Phase-Shift Keying�������������������������������
	4.5.3 Frequency-Shift Keying�����������������������������������
	4.5.4 Differential Phase-Shift Keying��������������������������������������������

	4.6 Optical Modulators�����������������������������
	4.6.1 Direct Modulation������������������������������
	4.6.2 External Modulators��������������������������������
	4.6.2.1 Phase Modulators
	4.6.2.2 Dual-Drive Mach–Zehnder Modulators (MZMs)
	4.6.2.3 Electroabsorption Modulator (EAM)


	4.7 Optical Realization of Modulation Schemes����������������������������������������������������
	4.7.1 Amplitude-Shift Keying�����������������������������������
	4.7.2 Phase-Shift Keying�������������������������������
	4.7.3 Differential Phase-Shift Keying��������������������������������������������
	4.7.4 Frequency-Shift Keying�����������������������������������

	4.8 Partial Response Signals*
	4.8.1 Alternate Mark Inversion�������������������������������������

	4.9 Multi-Level Signaling*
	4.9.1 M-ASK
	4.9.2 M-PSK
	4.9.3 Quadrature Amplitude Modulation��������������������������������������������

	4.10 Additional Examples�������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	5 Optical Receivers
	5.1 Introduction�����������������������
	5.2 Photodetector Performance Characteristics����������������������������������������������������
	5.2.1 Quantum Efficiency�������������������������������
	5.2.2 Responsivity or Photoresponse������������������������������������������
	5.2.3 Photodetector Design Rules���������������������������������������
	5.2.4 Dark Current�������������������������
	5.2.5 Speed or Response Time�����������������������������������
	5.2.6 Linearity����������������������

	5.3 Common Types of Photodetectors�����������������������������������������
	5.3.1 pn Photodiode��������������������������
	5.3.2 pin Photodetector (pin-PD)���������������������������������������
	5.3.3 Schottky Barrier Photodetector�������������������������������������������
	5.3.4 Metal-Semiconductor-Metal Photodetector����������������������������������������������������
	5.3.5 Photoconductive Detector�������������������������������������
	5.3.6 Phototransistor����������������������������
	5.3.7 Avalanche Photodetectors�������������������������������������
	5.3.8 Advanced Photodetectors*
	5.3.8.1 Resonant Cavity Enhancement


	5.4 Direct Detection Receivers�������������������������������������
	5.4.1 Optical Receiver ICs���������������������������������
	5.4.1.1 pin-HEMT
	5.4.1.2 pin-HBT
	5.4.1.3 MSM-HEMT
	5.4.1.4 APD-HEMT


	5.5 Receiver Noise�������������������������
	5.5.1 Shot Noise�����������������������
	5.5.2 Thermal Noise��������������������������
	5.5.3 Signal-to-Noise Ratio, SNR���������������������������������������

	5.6 Coherent Receivers�����������������������������
	5.6.1 Single-Branch Coherent Receiver��������������������������������������������
	5.6.1.1 Homodyne Single-Branch Receiver
	5.6.1.2 Heterodyne Single-Branch Receiver

	5.6.2 Balanced Coherent Receiver���������������������������������������
	5.6.3 Single-Branch IQ Coherent Receiver�����������������������������������������������
	5.6.4 Balanced IQ Receiver���������������������������������
	5.6.5 Polarization Effects���������������������������������

	Exercises����������������
	References�����������������

	6 Optical Amplifiers
	6.1 Introduction�����������������������
	6.2 Optical Amplifier Model����������������������������������
	6.3 Amplified Spontaneous Emission in Two-Level Systems��������������������������������������������������������������
	6.4 Low-Pass Representation of ASE Noise�����������������������������������������������
	6.5 System Impact of ASE�������������������������������
	6.5.1 Signal-ASE Beat Noise����������������������������������
	6.5.2 ASE-ASE Beat Noise�������������������������������
	6.5.3 Total Mean and Variance������������������������������������
	6.5.4 Polarization Effects���������������������������������
	6.5.5 Amplifier Noise Figure�����������������������������������
	6.5.6 Optical Signal-to Noise Ratio������������������������������������������

	6.6 Semiconductor Optical Amplifiers�������������������������������������������
	6.6.1 Cavity-Type Semiconductor Optical Amplifiers���������������������������������������������������������
	6.6.2 Traveling-Wave Amplifiers��������������������������������������
	6.6.3 AR Coating�����������������������
	6.6.4 Gain Saturation����������������������������

	6.7 Erbium-Doped Fiber Amplifier���������������������������������������
	6.7.1 Gain Spectrum��������������������������
	6.7.2 Rate Equations*
	6.7.3 Amplified Spontaneous Emission�������������������������������������������
	6.7.4 Comparison of EDFA and SOA���������������������������������������

	6.8 Raman Amplifiers���������������������������
	6.8.1 Governing Equations��������������������������������
	6.8.2 Noise Figure�������������������������
	6.8.3 Rayleigh Back Scattering�������������������������������������

	6.9 Additional Examples������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	7 Transmission System Design
	7.1 Introduction�����������������������
	7.2 Fiber Loss-Induced Limitations�����������������������������������������
	7.2.1 Balanced Coherent Receiver���������������������������������������

	7.3 Dispersion-Induced Limitations�����������������������������������������
	7.4 ASE-Induced Limitations����������������������������������
	7.4.1 Equivalent Noise Figure������������������������������������
	7.4.2 Impact of Amplifier Spacing����������������������������������������
	7.4.3 Direct Detection Receiver��������������������������������������
	7.4.4 Coherent Receiver������������������������������
	7.4.5 Numerical Experiments����������������������������������

	7.5 Additional Examples������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	8 Performance Analysis
	8.1 Introduction�����������������������
	8.2 Optimum Binary Receiver for Coherent Systems�������������������������������������������������������
	8.2.1 Realization of the Matched Filter����������������������������������������������
	8.2.2 Error Probability with an Arbitrary Receiver Filter����������������������������������������������������������������

	8.3 Homodyne Receivers�����������������������������
	8.3.1 PSK: Homodyne Detection������������������������������������
	8.3.1.1 Relation between Q-factor and BER

	8.3.2 On-Off Keying��������������������������

	8.4 Heterodyne Receivers�������������������������������
	8.4.1 PSK: Synchronous Detection���������������������������������������
	8.4.1.1 ASE Limited Systems
	8.4.1.2 Shot Noise-Limited Systems

	8.4.2 OOK: Synchronous Detection���������������������������������������
	8.4.3 FSK: Synchronous Detection���������������������������������������
	8.4.3.1 Orthogonal FSK

	8.4.4 OOK: Asynchronous Receiver���������������������������������������
	8.4.5 FSK: Asynchronous Detection����������������������������������������
	8.4.6 Comparison of Modulation Schemes with Heterodyne Receiver����������������������������������������������������������������������

	8.5 Direct Detection���������������������������
	8.5.1 OOK����������������
	8.5.2 FSK����������������
	8.5.3 DPSK�����������������
	8.5.4 Comparison of Modulation Schemes with Direct Detection�������������������������������������������������������������������

	8.6 Additional Examples������������������������������
	Exercises����������������
	References�����������������

	9 Channel Multiplexing Techniques
	9.1 Introduction�����������������������
	9.2 Polarization-Division Multiplexing���������������������������������������������
	9.3 Wavelength-Division Multiplexing�������������������������������������������
	9.3.1 WDM Components���������������������������
	9.3.1.1 Mach–Zehnder Interferometer-Based Demultiplexer
	9.3.1.2 Diffraction-Based Multiplexer/Demultiplexers
	9.3.1.3 Arrayed-Waveguide Gratings

	9.3.2 WDM Experiments����������������������������

	9.4 OFDM���������������
	9.4.1 OFDM Principle���������������������������
	9.4.2 Optical OFDM Transmitter�������������������������������������
	9.4.3 Optical OFDM Receiver����������������������������������
	9.4.4 Optical OFDM Experiments�������������������������������������

	9.5 Time-Division Multiplexing�������������������������������������
	9.5.1 Multiplexing�������������������������
	9.5.2 Demultiplexing���������������������������
	9.5.3 OTDM Experiments�����������������������������

	9.6 Additional Examples������������������������������
	Exercises����������������
	References�����������������

	10 Nonlinear Effects in Fibers
	10.1 Introduction������������������������
	10.2 Origin of Linear and Nonlinear Refractive Indices�������������������������������������������������������������
	10.2.1 Absorption and Amplification������������������������������������������
	10.2.2 Nonlinear Susceptibility��������������������������������������

	10.3 Fiber Dispersion����������������������������
	10.4 Nonlinear Schrödinger Equation������������������������������������������
	10.5 Self-Phase Modulation���������������������������������
	10.6 Combined Effect of Dispersion and SPM�������������������������������������������������
	10.7 Interchannel Nonlinear Effects������������������������������������������
	10.7.1 Cross-Phase Modulation������������������������������������
	10.7.1.1 Timing Shift Due to XPM
	10.7.1.2 XPM Efficiency
	10.7.1.3 XPM Impact on System Performance

	10.7.2 Four-Wave Mixing������������������������������

	10.8 Intrachannel Nonlinear Impairments����������������������������������������������
	10.8.1 Intrachannel Cross-Phase Modulation�������������������������������������������������
	10.8.2 Intrachannel Four-Wave Mixing�������������������������������������������
	10.8.3 Intra- versus Interchannel Nonlinear Effects����������������������������������������������������������

	10.9 Theory of Intrachannel Nonlinear Effects����������������������������������������������������
	10.9.1 Variance Calculations�����������������������������������
	10.9.2 Numerical Simulations�����������������������������������

	10.10 Nonlinear Phase Noise����������������������������������
	10.10.1 Linear Phase Noise���������������������������������
	10.10.2 Gordon-Mollenauer Phase Noise��������������������������������������������

	10.11 Stimulated Raman Scattering����������������������������������������
	10.11.1 Time Domain Description��������������������������������������

	10.12 Additional Examples��������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	11 Digital Signal Processing
	11.1 Introduction������������������������
	11.2 Coherent Receiver�����������������������������
	11.3 Laser Phase Noise�����������������������������
	11.4 IF Estimation and Compensation������������������������������������������
	11.5 Phase Estimation and Compensation���������������������������������������������
	11.5.1 Phase Unwrapping������������������������������

	11.6 CD Equalization���������������������������
	11.6.1 Adaptive Equalizers���������������������������������
	11.6.1.1 Blind Equalizers


	11.7 Polarization Mode Dispersion Equalization�����������������������������������������������������
	11.8 Digital Back Propagation������������������������������������
	11.8.1 Multi-Span DBP����������������������������

	11.9 Additional Examples�������������������������������
	Exercises����������������
	Further Reading����������������������
	References�����������������

	Appendix A�����������������
	References

	Appendix B�����������������
	Index������������



