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Sir Isaac Newton (1642-1727) set forth a Pierre de Fermat (1601-1665) enunciated the
theory of optics in which light emissions con- principle that light travels along the path of
sist of collections of corpuscles that propagate least time.

rectilinearly.



Light can be described as an electromagnetic wave phenomenon governed by the
same theoretical principles that govern all other forms of electromagnetic radiation,
such as radio waves and X-rays. This conception of light is called electromagnetic
optics. Electromagnetic radiation propagates in the form of two mutually coupled
vector waves, an electric-field wave and a magnetic-field wave. Nevertheless, it is
possible to describe many optical phenomena using a simplified scalar wave theory
in which light is described by a single scalar wavefunction. This approximate way of
treating light is called scalar wave optics, or simply wave optics.

When light waves propagate through and around objects whose dimensions are
much greater than the wavelength of the light, the wave nature is not readily discerned
and the behavior of light can be adequately described by rays obeying a set of geomet-
rical rules. This model of light is called ray optics. From a mathematical perspective,
ray optics is the limit of wave optics when the wavelength is infinitesimally small.

Thus, electromagnetic optics encompasses wave optics, which, in turn, encompasses
ray optics, as illustrated in Fig. 1.0-1. Ray optics and wave optics are approximate theo-
ries that derive their validity from their successes in producing results that approximate
those based on the more rigorous electromagnetic theory.

Quantum Optics

Figure 1.0-1 The theory of quantum optics

Y ~—— Electromagnetic provides an explanation of virtually all optical phe-
T — Oplics nomena. The electromagnetic theory of light (elec-
\ ( 3 ;;,‘_ Wave Oplics tromagnetic qplics) Ipr_cwides. the most cump!ele

: treatment of light within the confines of classical

"X ( / 2 Ray Optics optics. Wave optics is a scalar approximation of

G & electromagnetic optics. Ray optics is the limit of
e ‘wave upligs when ?he wave)l"cnglh is very short.

Although electromagnetic optics provides the most complete treatment of light
within the confines of classical optics, certain optical phenomena are characteristically
quantum mechanical in nature and cannot be explained classically. These phenomena
are described by a quantum version of electromagnetic theory known as quantum
electrodynamices. For optical phenomena, this theory is also referred to 4s quantum
optics.

Historically, the theories of optics developed roughly in the following sequence:
(1) ray optics — (2) wave optics — (3) electromagnetic optics — (4) quantum optics.
These models are progressively more complex and sophisticated, and were devel-
oped successively to provide explanations for the outcomes of increasingly subtle and
precise optical experiments. The optimal choice of a model is the simplest one that
satisfactorily describes a particular phenomenon, but it is sometimes difficult to know
a priori which model will achieve this. Fortunately, however, experience often provides
a good guide.

For pedagogical reasons, the initial chapters in this book follow the historical order
indicated above. Each model of light begins with a set of postulates (provided without
proof), from which a large body of results are generated. The postulates of each model
are shown to arise in special cases of the next-higher-level model. In this chapter we
begin with ray optics.



11 POSTULATES OF RAY OPTICS 3

This Chapter

Ray optics is the simplest theory of light. Light is described by rays that travel in
different optical media in accordance with a set of geometrical rules. Ray optics is
therefore also called geometrical optics. Ray optics is an approximate theory. Al-
though it adequately describes most of our daily experiences with light, there are many
phenomena that ray optics does not adequately describe (as amply attested to by the
remaining chapters of this book).

Ray optics is concerned with the location and direction of light rays. It is therefore
useful in studying image formation — the collection of rays from each point of an
object and their redirection by an optical component onto a corresponding point of
an image. Ray optics permits us to determine conditions under which light is guided
within a given medium, such as a glass fiber. In isotropic media, optical rays point in
the direction of the flow of optical energy. Ray bundles can be constructed in which the
density of rays is proportional to the density of light energy. When light is generated
isotropically from a point source, for example, the energy associated with the raysina
given cone is proportional to the solid angle of the cone. Rays may be traced through
an optical system to determine the optical energy crossing a given area.

This chapter begins with a set of postulates from which the simple rules that govern
the propagation of light rays through optical media are derived. In Sec. 1.2 these
rules are applied to simple optical components such as mirrors and planar or spher-
ical boundaries between different optical media. Ray propagation in inhocmogeneous
(graded-index) optical media is examined in Sec. 1.3. Graded-index optics is the basis
of a technology that has become an important part of modern optics.

Optical components are often centered about an optical axis, about which the rays
travel at small inclinations. Such rays are called paraxial rays. This assumption is*
the basis of paraxial optics. The change in the position and inclination of a paraxial
ray as it travels through an optical system can be efficiently described by the use of a
2 x 2-matrix algebra. Section 1.4 is devoted to this algebraic tool, called matrix optics.

1.1 POSTULATES OF RAY OPTICS

Postulates of Ray Optics

» Light fravels in the form of rays. The rays are emitted by light sources and can
be observed when they reach an optical detector.

= An optical medium is characterized by a quantity n > 1, called the refractive
index. The refractive index n. = ¢,/c where ¢, is the speed of light in free space
and ¢ is the speed of light in the medium. Therefore. the time taken by light to
travel a distance d is d/c = nd/c,. It is proportional to the product nd, which
is known as the optical pathlength.

= In an inhomogeneous medium the refractive index n(r) is a function of the
position r = (z, v, z). The optical path length along a given path between two
points A and B is therefore

B
Optical pathlength = f n(r) ds, (1.1-1)
A

where ds is the differential element of length along the path. The time taken by
light to travel from A to B is proportional to the optical pathlength.
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= Fermat’s Principle. Optical rays traveling between two points, A and B, fol-
low a path such that the time of travel (or the optical pathlength) between the
two points is an extremum relative to neighboring paths. This is expressed
mathematically as

B
5f n(r)ds = 0, (1.1-2)
A

where the symbol 8. which is read “the variation of,” signifies that the optical
pathlength is either minimized or maximized. or is a point of inflection. It is,
however. usually a minimum, in which case:

Light rays travel along the path of least time.

Sometimes the minimum time is shared by more than one path, which are then
all followed simultaneously by the rays. An example in which the pathlength is
maximized is provided in Prob. 1.1-2.

In this chapter we use the postulates of ray optics to determine the rules governing
the propagation of light rays, their reflection and refraction at the boundaries between
different media, and their transmission through various optical components. A wealth
of results applicable to numerous optical systems are obtained without the need for any
other assumptions or rules regarding the nature of light.

Propagation in a Homogeneous Medium

In a homogencous medium the refractive index is the same everywhere, and so is the
speed of light. The path of minimum time, required by Fermat’s principle, is therefore
also the path of minimum distance. The principle of the path of minimum distance
is known as Hero’s principle. The path of minimum distance between two points is
a straight line so that in a homogeneous medium, light rays travel in straight lines
(Fig. 1.1-1).

P

Figure 1.1-1 Light rays travel in straight lines. Shadows are perfect projections of stops.
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Reflection from a Mirror

Mirrors are made of certain highly polished metallic surfaces, or metallic or dielectric
films deposited on a substrate such as glass. Light reflects from mirrors in accordance
with the law of reflection:

The reflected ray lies in the plane of incidence; the angle of reflection equals the
angle of incidence.

The plane of incidence is the plane formed by the incident ray and the normal to the
mirror at the point of incidence. The angles of incidence and reflection, # and &', are
defined in Fig. 1.1-2(a). To prove the law of reflection we simply use Hero’s principle.
Examine a ray that travels from point A to point C after reflection from the planar
mirror in Fig. 1.1-2(b). According to Hero’s principle, for a mirror of infinitesimal
thickness, the distance AB + BC must be minimum. If C’ is a mirror image of C, then
BC = BC, so that AB 4 BC’ must be a minimum. This occurs when ABC’ is a
straight line, i.e., when B coincides with B’ so that § = #'.

Plane of
incidence

Mirror - Mirror

ay

Normal
to mirmor

(&)

Figure 1.1-2 (a) Reflection from the surface of a curved mirror. (b) Geometrical construction to
prove the law of reflection.

Reflection and Refraction at the Boundary Between Two Media

At the boundary between two media of refractive indexes n, and n; an incident ray is
split into two — a reflected ray and a refracted (or transmitted) ray (Fig. 1.1-3). The
reflected ray obeys the law of reflection. The refracted ray obeys the law of refraction:

The refracted ray lies in the plane of incidence; the angle of refraction 0 is
related to the angle of incidence 6, by Snell’s law,

ﬂ.]SiI].91 :ﬂqSiﬂgz. (1.1-3)
Snell's law

The proportion in which the light is reflected and refracted is not described by ray
optics.
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Reflected

Normal to
boundary

Plane of

Incident incidence

ray

mny

Figure 1.1-3 Reflection and refraction at the boundary between two media.

EXERCISE 1.1-1

Proof of Snell’'s Law. The proof of Snell’s law is an exercise in the application of Fermat's
principle. Referring to Fig. 1.1-4, we seek to minimize the optical pathlength n; AB 4+n,BC between
points A and C. We therefore have the following optimization problem: Minimize n;d; secf; +
neds; sec f; with respect to the angles ¢, and 8, subject to the condition d; tan &y + d, tan 6, = d.
Show that the solution of this constrained minimization problem yields Snell’s law.

LA )

A Emetrmen s Figure 1.1-4 Construction to prove Snell’s law.

The three simple rules — propagation in straight lines and the laws of reflection and
refraction — are applied in Sec. 1.2 to several geometrical configurations of mirrors
and transparent optical components, without further recourse to Fermat’s principle.

1.2 SIMPLE OPTICAL COMPONENTS

A. Mirrors

Planar Mirrors

A planar mirror reflects the rays originating from a point ; such that the reflected rays
appear to originate from a point P, behind the mirror, called the image (Fig. 1.2-1).
Paraboloidal Mirrors

The surface of a paraboloidal mirror is a paraboloid of revolution. It has the useful
property of focusing all incident rays parallel to its axis to a single point called the fo-
cus. The distance PF' = f defined in Fig. 1.2-2 is called the focal length. Paraboloidal
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mirrors are often used as light-collecting elements in telescopes. They are also used for
making parallel beams of light from point sources such as in flashlights.

Mirror

\\_Mirmr

N

al \ V5
E A1

Figure 1.2-1 Reflection of light from aplanar  Figure 1.2-2 Focusing of light by a
mirror. paraboloidal mirror.

L

Y Y

Elliptical Mirrors

An elliptical mirror reflects all the rays emitted from one of its two foci, e.g., P, and
images them onto the other focus, P (Fig. 1.2-3). In accordance with Hero’s principle.
the distances traveled by the light from P; to P, along any of the paths are equal.

Figure 1.2-3 Reflection from an elliptical
mirror,

Spherical Mirrors

A spherical mirror is easier to fabricate than a paraboloidal mirror or an elliptical
mirror. However, it has neither the focusing property of the paraboloidal mirror nor
the imaging property of the elliptical mirror. As illustrated in Fig. 1.2-4, parallel rays
meet the axis at different points; their envelope (the dashed curve) is called the caustic
curve. Nevertheless, parallel rays close to the axis are approximately focused onto a
single point F at distance (—R)/2 from the mirror center C. By convention, R is
negative for concave mirrors and positive for convex mirrors.

Paraxial Rays Reflected from Spherical Mirrors

Rays that make small angles (such that sinfl ~ ¢) with the mirror’s axis are called
paracxial rays. In the paraxial approximation, where only paraxial rays are consid-
ered, a spherical mirror has a focusing property like that of the paraboloidal mirror and
an imaging property like that of the elliptical mirror. The body of rules that results from
this approximation forms paraxial optics, also called first-order optics or Gaussian
optics.
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e s s Spherical .
= o _ mirror e
[ A 1:
[] A\ Ir
: i F |
b R R
= ol = S G |—

Figure 1.2-4 Reflection of parallel rays Figure 1.2-5 A spherical mirror approxi-
[rom a concave spherical mirror. mates a paraboloidal mirror for paraxial rays.

A spherical mirror of radius R therefore acts like a paraboloidal mirror of focal
length f = R/2. This is in fact plausible since at points near the axis, a parabola can
be approximated by a circle with radius equal to the parabola’s radius of curvature
(Fig. 1.2-5).

All paraxial rays originating from each point on the axis of a spherical mirror are
reflected and focused onto a single corresponding point on the axis. This can be seen
(Fig. 1.2-6) by examining a ray emitted at an angle #; from a point P, at a distance z;
away from a concave mirror of radius R, and reflecting at angle (—65) to meet the axis
at a point P that is a distance zp away from the mirror. The angle 6 is negative since
the ray is traveling downward. Since the three angles of a triangle add to 180°, we have
f1 = by — 6 and (—0,) = Oy + 6, so that (—0a) + 0 = 26,. If 6 is sufficiently small,
the approximation tan 6 = fy may be used, so that 6, = y/(—R), from which

2y
—03) + 0y ~ ——, 1.2-1
(—02) + 6, R (1.2-1)

where y is the height of the point at which the reflection occurs. Recall that R is

negative since the mirror is concave. Similarly, if §; and f are small, 6; = y/z
and (—602) = y/z, so that (1.2-1) yields y/z; + y/z3 = 2y/(—R), whereupon

T S R (1.2-2)

% R 2 (P2 0

7 |

Figure 1.2-6 Reflection of paraxial rays from a concave spherical mirror of radius £ < 0.
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This relation holds regardless of ¥ (i.e., regardless of #,) as long as the approxima-
tion is valid. This means that all paraxial rays originating from point 7 arrive at P,
The distances z; and z; are measured in a coordinate system in which the z axis points
to the left. Points of negative z therefore lie to the right of the mirror.

According to (1.2-2), rays that are emitted from a point very far out on the z axis
(z; = oo) are focused to a point £ at a distance zo = (— ) /2. This means that within
the paraxial approximation, all rays coming from infinity (parallel to the axis of the
mirror) are focused to a point at a distance f from the mirror, which is known as its
focal length:

f=—, (1.2-3)
Focal Length
Spherical Mirror

— + —_— = ) (1.2—4)
za & [ Imaging Equation
(Paraxial Rays)

which is known as the imaging equation. Both the incident and the reflected rays must
be paraxial for this equation to hold.

e - = === =3
EXERCISE 1.2-1

Image Formation by a Spherical Mirror. Show that within the paraxial approximation, rays
originating from a point P, = (y,, z; ) are reflected to a point P, = (s, 22), where z, and 2, satisfy
(1.2-4) and y» = —122/z (Fig. 1.2-7). This means that rays from each point in the plane z = 2
meet at a single corresponding point in the plane z = z,, so that the mirror acts as an image-formation
system with magnification —z;/z;. Negative magnification means that the image is inverted.

Figure 1.2-7 TImage formation by a
Py=(yy, 2) spherical mirror. Four particular rays are
illustrated.

B. Planar Boundaries

The relation between the angles of refraction and incidence, f; and #;, at a planar
boundary between two media of refractive indexes n, and n» is governed by Snell’s
law (1.1-3). This relation is plotted in Fig. 1.2-8 for two cases:

= External Refraction (ny < nz). When the ray is incident from the medium of
smaller refractive index, 3 < #; and the refracted ray bends away from the
boundary.
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» [nternal Refraction (ny > ngy). If the incident ray is in a medium of higher
refractive index, fl; > ¢} and the refracted ray bends toward the boundary.

ny / nz "1 A

b

90°

External refraction Internal refraction

Figure 1.2-8 Relation between the angles of refraction and incidence.

The refracted rays bend in such a way as to minimize the optical pathlength, i.e.,
to increase the pathlength in the lower-index medium at the expense of pathlength in
the higher-index medium. In both cases, when the angles are small (i.e., the rays are
paraxial), the relation between 6 and @, is approximately linear, n,6y =~ n26s, or
93 = (1’11 /'ﬂ.g)gl.

Total Internal Reflection

For internal refraction (n; > n2), the angle of refraction is greater than the angle of
incidence, 8, > 6, so that as #, increases, &2 reaches 90° first (see Fig. 1.2-8). This
occurs when #; = 6, (the critical angle), with n, sin f, = nasin(7/2) = no, so that

gt A, (1.2-5)
n

Critical Angle

When 6, > 6., Snells’ law (1.1-3) cannot be satisfied and refraction does not occur.
The incident ray is totally reflected as if the surface were a perfect mirror [Fig. 1.2-
9(a)]. The phenomenon of total internal reflection is the basis of many optical de-
vices and systems, such as reflecting prisms [see Fig. 1.2-9(b)] and optical fibers (see
Sec. 1.2D). It can be shown using electromagnetic optics (Fresnel's equations in Chap-
ter 6) that all of the energy is carried by the reflected light so that the process of total
internal reflection is highly efficient.

459
n‘L

N, 45

'
(6) (e)

Figure 1.2-9 (a) Total internal reflection at a planar boundary. (b) The reflecting prism. If 11, > /2
and ny = 1 (air), then 8, < 43°; since #; = 45°, the ray is totally reflected. (¢) Rays are guided by
total internal reflection from the internal surface of an optical fiber.
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Prisms

A prism of apex angle o and refractive index n (Fig. 1.2-10) deflects a ray incident at
an angle # by an angle

03=0—a+sin! [\/ n? — sin” @ sina — sinﬁ'cosa] ; (1.2-6)

This may be shown by using Snell’s law twice at the two refracting surfaces of the
prism. When « is very small (thin prism) and # is also very small (paraxial approxima-
tion), (1.2-6) is approximated by

fs= (n—1a. (1.2-7)
600
1 =459
40° \ S fa=30°
\ v
By \ /,/
"\_..--'// =100
20° fz
[~~~ " /
—
0‘:)'" 90°

t

Figure 1.2-10 Ray deflection by a prism. The angle of deflection @ is a function of the angle of
incidence ¢ for different apex angles & when n = 1.5. When both @ and 4 are small 8 = (n — 1)a,
which is approximately independent of §. When o = 45° or # = 0°, total internal reflection occurs,
as illustrated in Fig. 1.2-9(b).

Beamsplitters

The beamsplitter is an optical component that splits the incident beam into a reflected
beam and a transmitted beam, as illustrated in Fig. 1.2-11. Beamsplitters are also
frequently used to combine two light beams into one [Fig. 1.2-11(c)]). Beamsplitters
are often constructed by depositing a thin semitransparent metallic or dielectric film on
a glass substrate. A thin glass plate or a prism can also serve as a beamsplitter.

i i s

(@) Partially reflective mirror (b) Thin glass plate (¢) Beam combiner

Figure 1.2-11 Beamsplitters and combiners.
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C. Spherical Boundaries and Lenses

We now examine the refraction of rays from a spherical boundary of radius i between
two media of refractive indexes n; and ny. By convention, R is positive for a convex
boundary and negative for a concave boundary. The results are obtained by applying
Snell’s law, which relates the angles of incidence and refraction relative to the normal
to the surface, defined by the radius vector from the center €. These angles are to
be distinguished from the angles #; and 8;, which are defined relative to the z axis.
Considering only paraxial rays making small angles with the axis of the system so that

sin @ = ¢ and tan # = @, the following properties may be shown to hold:

= A ray making an angle &, with the z axis and meeting the boundary at a point of
height i where it makes an angle fy with the radius vector [see Fig. 1.2-12(a)]
changes direction at the boundary so that the refracted ray makes an angle 8,
with the z axis and an angle 5 with the radius vector. The angle of incidence is

therefore (¢, + 62) while the angle of refraction is 63, so that

L %
g ny R’

(a) & {=62) 3
P, Bl tom [ >
n\ 1y
y 4
'PI =¥ g A\
oy LT, - E" PO
~ Pg“l)’z-ﬂg}

ek
"

Figure 1.2-12 Refraction at a convex spherical boundary (R > 0).

(1.2-8)

= All paraxial rays originating from a point P; = (y1, z1) in the z = 2; plane meet

at a point P, = (ys, z2) in the z = 2, plane, where

—
—

Ty Tz Mg —
_.__l’__._

and

(1.2-9)

(1.2-10)
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The z = 2z; and z = 2z, planes are said to be conjugate planes. Every point
in the first plane has a corresponding point (image) in the second with magnifi-
cation —(n1/n2)(z2/71). Again, negative magnification means that the image is
inverted. By convention P, is measured in a coordinate system pointing to the left
and P in a coordinate system pointing to the right (e.g., if P lies to the left of
the boundary, then z; would be negative).

The similarities between these properties and those of the spherical mirror are evi-
dent. It is important to remember that the image formation properties described above
are approximate. They hold only for paraxial rays. Rays of large angles do not obey
these paraxial laws: the deviation results in image distortion called aberration.

e == == = ===
EXERCISE 1.2-2

Image Formation. Derive (1.2-8). Prove that paraxial rays originating from P; pass through P,
when (1.2-9) and (1.2-10) are satisfied.

EXERCISE 1.2-3

Aberration-Free Imaging Surface. Determine the equation of a convex aspherical (nonspheri-
cal) surface between media of refractive indexes n; and n; such that all rays (not necessarily paraxial)
from an axial point P; at a distance z; to the left of the surface are imaged onto an axial point 5 at
a distance z; to the right of the surface [Fig. 1.2-12(a)]. Hint: In accordance with Fermat’s principle
the optical pathlengths between the two points must be equal for all paths.

Lenses

A spherical lens is bounded by two spherical surfaces. It is, therefore, defined com-
pletely by the radii B, and R; of its two surfaces, its thickness A, and the refractive
index 7 of the material (Fig. 1.2-13). A glass lens in air can be regarded as a combina-
tion of two spherical boundaries, air-to-glass and glass-to-air.

(Rade”

.

-~
~

< I*— Figure 1.2-13 A biconvex spherical lens.

A ray crossing the first surface at height y and angle #; with the z axis [Fig. 1.2-
14(a)] is traced by applying (1.2-8) at the first surface to obtain the inclination angle
8 of the refracted ray, which we extend until it meets the second surface. We then use
(1.2-8) once more with # replacing #; to obtain the inclination angle @, of the ray after
refraction from the second surface. The results are in general complicated. When the
lens is thin, however, it can be assumed that the incident ray emerges from the lens
at about the same height y at which it enters. Under this assumption, the following
relations follow:
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s The angles of the refracted and incident rays are related by

6, = 6, -%, (1.2-11)

where f, called the focal length, is given by

1

1 =1 (_ = _) . (12-12)
f Ry Ry Focal Length
Thin Spherical Lens

ol

(@) (&)
Figure 1.2-14 (a) Ray bending by a thin lens. (b) Image formation by a thin lens.

a All rays originating from a point P, = (y1,2:) meet at a point P, = (ys, 22)
[Fig. 1.2-14(b)), where
1 1
A LY (1.2-13)
znn 2z [ Imaging Equation
and
Z
Y2 = — 2. (1.2-14)
21 Magnification

These results are identical to those for the spherical mirror [see (1.2-4) and Exer-
cise 1.2-1].

These equations indicate that each point in the z = 2z, plane is imaged onto a
corresponding point in the z = z; plane with the magnification factor —z,/z;. The
magnification is unity when 2; = z3 = 2f. The focal length f of a lens therefore
completely determines its effect on paraxial rays. As indicated earlier, P, and P are
measured in coordinate systems pointing to the left and right, respectively, and the
radii of curvatures I7; and R are positive for convex surfaces and negative for concave
surfaces. For the biconvex lens shown in Fig. 1.2-13, R, is positive and R; is negative,
so that the two terms of (1.2-12) add and provide a positive f.
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o . — =]
EXERCISE 1.2-4

Proof of the Thin Lens Formulas. Using (1.2-8), along with the definition of the focal length
given in (1.2-12), prove (1.2-11) and (1.2-13).

It is emphasized once again that the foregoing relations hold only for paraxial rays.
The presence of nonparaxial rays results in aberrations, as illustrated in Fig. 1.2-15.

Figure 1.2-15 Nonparaxial rays do not meet
at the paraxial focus. The dashed envelope of the
refracted rays is called the caustic curve.

D. Light Guides

Light may be guided from one location to another by use of a set of lenses or mirrois,
as illustrated schematically in Fig. 1.2-16. Since refractive elements (such as lenses)
are usually partially reflective and since mirrors are partially absorptive, the cumula-
tive loss of optical power will be significant when the number of guiding elements
is large. Components in which these effects are minimized can be fabricated (e.g.,
antireflection-coated lenses), but the system is generally cumbersome and costly.

Figure 1.2-16 Guiding light: (a) lenses; (b) mirrors; (¢) total internal reflection.

An ideal mechanism for guiding light is that of total internal reflection at the bound-
ary between two media of different refractive indexes. Rays are reflected repeatedly
without undergoing refraction. Glass fibers of high chemical purity are used to guide
light for tens of kilometers with relatively low loss of optical power.

An optical fiber is a light conduit made of two concentric glass (or plastic) cylinders
(Fig. 1.2-17). The inner, called the core, has a refractive index n,, and the outer, called
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the cladding, has a slightly smaller refractive index, ns < n;. Light rays traveling in
the core are totally reflected from the cladding if their angle of incidence is greater
than the critical angle, @ > 0, = sin™!(na/n, ). The rays making an angle § = 90° -6
with the optical axis are therefore confined in the fiber core if 8 < 6., where 8, =
90° — 6, = cos™!(ng/n,). Optical fibers are used in optical communication systems
(see Chapters 9 and 24). Some important properties of optical fibers are derived in
Exercise 1.2-5.

Cladding

Core o o |

Figure 1.2-17 The optical fiber. Light rays are guided by multiple total internal reflections. Here
@ represents the angle measured from the axis of the optical fiber so that its complement § = 90° — 8
is the angle of incidence at the dielectric interface.

EXERCISE 1.2-5

Numerical Aperture and Angle of Acceptance of an Optical Fiber. An optical fiber is
illuminated by light from a source (e.g., a light-emitting diode, LED). The refractive indexes of the
core and cladding of the fiber are n; and ny, respectively, and the refractive index of air is | (Fig. 1.2-
18). Show that the half-angle &, of the cone of rays accepted by the fiber (transmitted through the
fiber without undergoing refraction at the cladding) is given by

NA =sind, = y/n? —ni. (1.2-15)

Numerical Aperture
Optical Fiber

The angle 6, is called the acceptance angle and the parameter NA = sin 0, is known as the numerical
aperture of the fiber. Calculate the numerical aperture and acceptance angle for a silica-glass fiber
with ny = 1.475 and ny = 1.460.

| Cladding 75

% {("{‘N s
_____ O A
ﬁﬂ \
/

ny

Figure 1.2-18 Acceptance angle of an optical fiber.

Trapping of Light in Media of High Refractive Index

It is often difficult for light originating inside a medium of large refractive index to
be extracted into air, especially if the surfaces of the medium are parallel. This occurs
since certain rays undergo multiple total internal reflections without ever refracting into
air. The principle is illustrated in Exercise 1.2-6.
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EXERCISE 1.2-6
Light Trapped in a Light-Emitting Diode.

(a) Assume that light is generated in all directions inside a material of refractive index 7 cut in the
shape of a parallelepiped (Fig. 1.2-19). The material is surrounded by air with unity refractive
index. This process occurs in light-emitting diodes (see Chapter 17). What is the angle of the
cone of light rays (inside the material) that will emerge from each face? What happens to the
other rays? What is the numerical value of this angle for GaAs (n = 3.6)?

| A
AN/
==
i " Ty
r‘\ \
. y
- Figure 1.2-19 Trapping of light in a paral-
lelepiped of high refractive index.

(b) Assume that when light is generated isotropically the amount of optical power associated with
the rays in a given cone is proportional to the solid angle of the cone. Show that the ratio of
the optical power that is extracted from the material to the total generated optical power is

3 (1 — /1 —=1/n2 ) provided that n > /2. What is the numerical value of this ratio for GaAs?

1.3 GRADED-INDEX OPTICS

A graded-index (GRIN) material has a refractive index that varies with position in
accordance with a continuous function n(r). These materials are often fabricated by
adding impurities (dopants) of controlled concentrations. In a GRIN medium the opti-
cal rays follow curved trajectories, instead of straight lines. By appropriate choice of
n(r), a GRIN plate can have the same effect on light rays as a conventional optical
component, such as a prism or lens.

A. The Ray Equation

To determine the trajectories of light rays in an inhomogeneous medium with refractive
index n(r), we use Fermat's principle,

B
5/ n(r)ds = 0, (1.3-1)
A

where ds is a differential length along the ray trajectory between A and B. If the
trajectory is described by the function z(s), (s), and z(s), where s is the length of the
trajectory (Fig. 1.3-1), then using the calculus of variations it can be shown' that z(s),

! This derivation is beyond the scope of this book; see, e.g., R. Weinstock, Calculus of Variations, Dover,
1974



18 CHAPTER1 RAY OPTICS

y(s), and z(s) must satisfy three partial differential equations,

d(deY_tn A () _Bn  d(d\_ o oo
ds \ ds/ 0z’ ds\ ds/ oy’ ds\"ds) " 0z ;

By defining the vector r(s), whose components are z(s), y(s), and z(s), (1.3-2) may
be written in the compact vector form

-i (nﬂ) = Vn, (1.3-3)
ds \ ds Ray Equation

where Vn, the gradient of n, is a vector with Cartesian components dn/dz, dn/dy,
and dn/dz. Equation (1.3-3) is known as the ray equation.

yA
ds | __+B
e
X
Figure 1.3-1 The ray trajectory is described
parametrically by three functions z(s), y(s), and
A >z z(s), or by two functions z(z) and y(z).

One approach to solving the ray equation is to describe the trajectory by two func-
tions z(z) and y(z), write ds = dzy/1 + (da/dz)? + (dy/dz)?, and substitute in
(1.3-3) to obtain two partial differential equations for z(z) and y(z). The algebra is
generally not trivial, but it simplifies considerably when the paraxial approximation is
used. ,

The Paraxial Ray Equation

In the paraxial approximation, the trajectory is almost parallel to the z axis, so that
ds =~ dz (Fig. 1.3-2). The ray equations (1.3-2) then simplify to

d dx dn d dy on
z0%)=m =(CE)=5% i
Ray Equations

Given n = n(z,y, z), these two partial differential equations may be solved for the
trajectory x(z) and y(z).

In the limiting case of a homogeneous medium for which 7 is independent of z, v, 2,
(1.3-4) gives ®z/dz*> = 0 and d’y/dz* = 0, from which it follows that z and y are
linear functions of z, so that the trajectories are straight lines. More interesting cases
will be examined subsequently.
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Figure 1.3-2 Trajectory of a paraxial ray in a graded-index medium.

B. Graded-Index Optical Components

Graded-Index Slab

Consider a slab of material whose refractive index n = n(y) is uniform in the z and
z directions but varies continuously in the y direction (Fig. 1.3-3). The trajectories of
paraxial rays in the y—z plane are described by the paraxial ray equation

d { dy\ dn

from which

d?y _ 1 dn(y)

= e s (1.3-6)

Given n(y) and initial conditions (y and dy/dz at z = 0), (1.3-6) can be solved for the
function y(z), which describes the ray trajectories. .

f di
y+ay _,/'f”-é(;:;; AHU’M %’ Ay
L= \"(y)

z Refractive index

Figure 1.3-3 Refraction in a graded-index slab.

[0  Derivation of the Paraxial Ray Equation in a Graded-Index Slab Using Snell’s Law.
Equation (1.3-6) may also be derived by the direct use of Snell's law (Fig. 1.3-3). Let 8(y) =~ dy/dz
be the angle that the ray makes with the z axis at the position (y, z). After traveling through a layer
of thickness Ay the ray changes its angle to §(y + Ay). The two angles are related by Snell’s law
where #, as defined in Fig. 1.3-3, is the complement of the angle of incidence (refraction):

n(y) cos8(y) = n(y + Ay) cosO(y + Ay)
= [ﬂ{y) + j—; Ay] [cos 0(y) — % Ay sin G(tu)] ; (1.3-7)

where we have applied the expansion f(y+ Ay) = f(y)+ (df /dy) Ay to the functions f(y) = n(y)
and f(y) = cosf(y). In the limit Ay — 0, after eliminating the term in (Ay)?, we obtain the
differential equation

dn df

— =n — tané, 1.3-8

i il (1.3-8)
For paraxial rays 8 is very small so that tanf = 6. Substitating § = dy/dz in (1.3-8), we obtain
(1.3-6). |
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EXAMPLE 1.3-1. S/ab with Parabolic Index Profile. An important particular distribution
for the graded refractive index is

n*(y) =nj (1—a®y?)- (1.3-9)

This is a symmetric function of y that has its maximum value at y = 0 (Fig. 1.3-4). A glass slab with
this profile is known by the trade name SELFOC. Usually, ¢« is chosen to be sufficiently small so that
a’y? < 1 for all y of interest. Under this condition, n(y) = ngy/1 — a®y? = ng(1 — 1a®y?); e,
n(y) is a parabolic distribution. Also, because n(y) —ny < ng, the fractional change of the refractive
index is very small. Taking the derivative of (1.3-9), the right-hand side of (1.3-6) is (1/n)dn/dy =
—(ng/n)?a’y =~ —ay, so that (1.3-6) becomes

d? ,
d_:; ~ —a?y. (1.3-10)

The solutions of this equation are harmonic functions with period 27 /ce. Assuming an initial position
¥(0) = o and an initial slope dy/dz = 6, at z = 0 inside the GRIN medium,

8
y(z) zy(,cosaerE"sinaz, (1.3-11)
from which the slope of the trajectory is
dy ;
B(z) = 3, = ~“Wasinaz + By cos az. (1.3-12)

The ray oscillates about the center of the slab with a period (distance) 27 /o known as the pitch, as
illustrated in Fig. 1.3-4.

Figure 1.3-4 Trajectory of a ray in a GRIN slab of parabolic index profile (SELFOC).
The maximum excursion of the ray is ¥max = /¥4 + (fo/a)? and the maximum angle is foc =
@Y max. The validity of this approximate analysis is ensured if 8., < 1. If 2y,,,5, is smaller than
the thickness of the slab, the ray remains confined and the slab serves as a light guide. Figure 1.3-5
shows the trajectories of a number of rays transmitted through a SELFOC slab. Note that all rays
have the same pitch. This GRIN slab may be used as a lens, as demonstrated in Exercise 1.3-1.

Figure 1.3-5 Trajectories of rays from an external point source in a SELFOC slab.




r

1.3 GRADED-INDEX OPTICS 21

j=— =S A ae e = e ]

EXERCISE 1.3-1

The GRIN Slab as a Lens. Show that a SELFOC slab of length d < 7/2¢ and refractive index

given by (1.3-9) acts as a cylindrical lens (a lens with focusing power in the y—=z plane) of focal length
1

nodasina

g (1.3-13)

Show that the principal point (defined in Fig. 1.3-6) lies at a distance from the slab edge AH =~
(1/nge) tan(ad/2). Sketch the ray trajectories in the special cases d = 7/ and 7 /2.

¥y

e

Yo

Y

Figure 1.3-6 The SELFOC slab used as

a lens; F is the focal point and H is the
pr—————d————— principal point.

Graded-Index Fibers

A graded-index fiber is a glass cylinder with a refractive index n that varies as-a
function of the radial distance from its axis. In the paraxial approximation, the ray
trajectories are governed by the paraxial ray equations (1.3-4). Consider, for example,
the distribution

n’=nd [1—a® (2 +%)]. (1.3-14)

Substituting (1.3-14) into (1.3-4) and assuming that o?(2? + y?) < 1 forall z and y
of interest, we obtain

d*z 2 d*y 2

— - NPz, — &~ -y 1.3

2 a‘r 12 o’y (1.3-15)
Both z and y are therefore harmonic functions of z with period 27 /a. The initial
positions (g, yo) and angles (8,0 = dz/dz and 0,9 = dy/dz) at z = 0 determine the
amplitudes and phases of these harmonic functions. Because of the circular symmetry,
there is no loss of generality in choosing z, = 0. The solution of (1.3-15) is then

z(z) = %ﬂ sin oz

(1.3-16)

Oy .
y(z) = :yﬂ sin @z + yg CoS 02,

If 8,0 = 0, i.e., the incident ray lies in a meridional plane (a plane passing through
the axis of the cylinder, in this case the y—=z plane), the ray continues to lie in that plane
following a sinusoidal trajectory similar to that in the GRIN slab [Fig. 1.3-7(a)].

On the other hand, if 6,0 = 0, and 6.9 = ayo, then

z(z) = yosinaz
(2) =wo (1.3-17)
y(z) = yocosaz,
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Figure 1.3-7 (a) Meridional and (b) helical rays in a graded-index fiber with parabolic index
profile.

so that the ray follows a helical trajectory lying on the surface of a cylinder of radius
yo [Fig. 1.3-7(b)]. In both cases the ray remains confined within the fiber, so that the
fiber serves as a light guide. Other helical patterns are generated with different incident
rays.

Graded-index fibers and their use in optical communications are discussed in Chap-
ters 9 and 24.

= = ]
EXERCISE 1.3-2

Numerical Aperture of the Graded-Index Fiber. Consider a graded-index fiber with the index
profile provided in (1.3-14) and radius a. A ray is incident from air into the fiber at its center, which
then makes an angle fy with the fiber axis in the medium (see Fig. 1.3-8). Show, in the paraxial
approximation, that the numerical aperture is

NA =sinf, ~ ngaa, (1.3-18)
Numerical Aperture
Graded-Index Fiber

where @, is the maximum acceptance angle for which the ray trajectory is confined within the fiber.
Compare this to the numerical aperture of a step-index fiber such as the one discussed in Exercise 1.2-
5. To make the comparison fair, take the refractive indexes of the core and cladding of the step-index
fiber to be ny = ng and ng = ngv'1 — a%a? = ny(l — %n’nz). respectively.

Figure 1.3-8 Acceptance angle of a graded-index optical fiber.
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*C. The Eikonal Equation

The ray trajectories are often characterized by the surfaces to which they are normal.
Let S(r) be a scalar function such that its equilevel surfaces, S(r) = constant, are
everywhere normal to the rays (Fig. 1.3-9). If S(r) is known, the ray trajectories can
readily be constructed since the normal to the equilevel surfaces at a position r is in the
direction of the gradient vector V.S(r). The function S(r), called the eikonal, is akin
to the potential function V'(r) in electrostatics; the role of the optical rays is played by
the lines of electric field E = —-VV.

Figure 1.3-9 Ray trajectories are normal 1o the surfaces
S(r) = constant of constant S(r).

To satisfy Fermat's principle (which is the main postulate of ray optics) the eikonal
S(r) must satisfy a partial differential equation known as the eikonal equation,

2 2 S 2 by
@@ o

which is usually written in the vector form

|VS[? =n?, (1.3-20)
Eikonal Equation

where [VS?| = VS - VS. The proof of the eikonal equation from Fermat’s principle
is a mathematical exercise that lies beyond the scope of this book.! Fermat’s principle
(and the ray equation) can also be shown to follow from the eikonal equation. There-
fore, either the eikonal equation or Fermat's principle may be regarded as the principal
postulate of ray optics.

Integrating the eikonal equation (1.3-20) along a ray trajectory between points A
and B gives

B B
|VS|ds = / nds = optical pathlength between A and B.
A

(1.3-21)
This means that the difference S(rg) — S(ra4) represents the optical pathlength be-
tween A and B. In the electrostatics analogy, the optical pathlength plays the role of
the potential difference.
To determine the ray trajectories in an inhomogeneous medium of refractive index
n(r), we can either solve the ray equation (1.3-3), as we have done earlier, or solve the
eikonal equation for S(r), from which we calculate the gradient VS.

S(rz) — S(ra) :f

A

1 See, e.g.. M. Bom and E. Wolf, Principles of Optics, Cambridge University Press, 7th expanded and corrected
ed. 2002.
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If the medium is homogeneous, i.e., n(r) is constant, the magnitude of VS is
constant, so that the wavefront normals (rays) must be straight lines. The surfaces
S(r) = constant may be parallel planes or concentric spheres, as illustrated in Fig. 1.3-
10.

S(r) = constant

g= - -
- €=

e

Figure 1.3-10 Rays and surfaces of constant S(r) in 2 homogeneous medium.

The eikonal equation is revisited from the point-of-view of the relation between ray
optics and wave optics in Sec. 2.3.

1.4 MATRIX OPTICS

Matrix optics is a technique for tracing paraxial rays. The rays are assumed to travel
only within a single plane, so that the formalism is applicable to systems with planar
geometry and to meridional rays in circularly symmetric systems.

A ray is described by its position and its angle with respect to the optical axis. These
variables are altered as the ray travels through the system. In the paraxial approxima-
tion, the position and angle at the input and output planes of an optical system are
related by two linear algebraic equations. As a result, the optical system is described
by a 2 x 2 matrix called the ray transfer matrix.

The convenience of using matrix methods lies in the fact that the ray-transfer matrix
of a cascade of optical components (or systems) is a product of the ray-transfer matrices
of the individual components (or systems). Matrix optics therefore provides a formal
mechanism for describing complex optical systems in the paraxial approximation.

A. The Ray-Transfer Matrix

Consider a circularly symmetric optical system formed by a succession of refracting
and reflecting surfaces all centered about the same axis (optical axis). The z axis lies
along the optical axis and points in the general direction in which the rays travel.
Consider rays in a plane containing the optical axes, say the y-z plane. We proceed
to trace a ray as it travels through the system, i.e., as it crosses the transverse planes
at different axial distances. A ray crossing the transverse plane at z is completely
characterized by the coordinate of y of its crossing point and the angle 6 (Fig. 1.4-
1).

An optical system is a set of optical components placed between (wo transverse
planes at z; and 2, referred to as the input and output planes, respectively, The system
is characterized completely by its effect on an incoming ray of arbitrary position and
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Ray

A

Figure 1.4-1 A ray is charac-

Opti_cal » terized by its coordinate y and its
axis F4 angle 6.
Input Output
01, 8) | Optical system | 02:0)
v}
Input Output

plane; fa] plane
A0
/ 1 Figure 1.4-2 A ray enters an

¢ B ) 3 optical system at location z, with
JOptical  position y; and angle 6; and leaves
4 25 z axis at position y, and angle 5.

direction (y1, 6, ). It steers the ray so that it has new position and direction (y2, f2) at
the output plane (Fig. 1.4-2). :

In the paraxial approximation, when all angles are sufficiently small so that sin § =
g, the relation between (y2,6>) and (y:, #) 1s linear and can generally be written in
the form

ya = Ay1 + B8, (14-D
0, = Cy; + D8, (1.4-2)

where A, B, C, and D are real numbers. Equations (1.4-1) and (1.4-2) may be conve-
niently written in matrix form as

v2| _ [A B |
&) -6 3] |5 a2
The matrix M, whose elements are A, B, C, and D, characterizes the optical system
completely since it permits (ys, #2) to be determined for any (y;, 6;). It is known as the
ray-transfer matrix. As will be seen in the examples provided in Sec. 1.4B, angles
that turn out to be negative point downward from the z axis in their direction of travel.

Radii that turn out to be negative indicate concave surfaces whereas those that are
positive indicate convex surfaces.

[ 2 e e = e - e ]
EXERCISE 1.4-1

Special Forms of the Ray-Transfer Matrix. Consider the following situations in which one of
the four elements of the ray-transfer matrix vanishes:

(a) Show that if A = 0, all rays that enter the system at the same angle leave at the same position, so
that parallel rays in the input are focused to a single point at the output.

(b) What are the special features of each of the systems for which B=0,C =0, 0r D =07
e e = e e e S e s e ]
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B. Matrices of Simple Optical Components

Free-Space Propagation

Since rays travel along straight lines in a medium of uniform refractive index such as
free space, a ray traversing a distance d is altered in accordance with y2 = 1 + 6,d
and 6 = 6. The ray-transfer matrix is therefore

M = [1 d]. (1.4-4)
d

Refraction at a Planar Boundary

At a planar boundary between two media of refractive indexes n; and ng, the ray
angle changes in accordance with Snell’s law n, sinf/;, = n;sin#,. In the paraxial
approximation, n168; = naf,. The position of the ray is not altered, yo» = ;. The
ray-transfer matrix is

ny | m

M= [}) EL] . [14S)

nz

Refraction at a Spherical Boundary

The relation between #; and @5 for paraxial rays refracted at a spherical boundary
between two media is provided in (1.2-8). The ray height is not altered, y» = y;. The
ray-transfer matrix is

R
\‘
M = [ “31._"]) '..'[.}I.] . (1.4—6)
n\ T mR na

Convex: B > 0; concave: R<0

Transmission Through a Thin Lens

The relation between @, and f, for paraxial rays transmitted through a thin lens of focal
length f is given in (1.2-11). Since the height remains unchanged (y; = ), we have

=

i 0
Vf M=[_% 1]- (1.4-7)
Convex: f>0; concave: f<0

Reflection from a Planar Mirror

Upon reflection from a planar mirror, the ray position is not altered, y» = y;. Adopting
the convention that the z axis points in the general direction of travel of the rays, i.e..
toward the mirror for the incident rays and away from it for the reflected rays, we
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conclude that #; = #;. The ray-transfer matrix is therefore the identity matrix

10
M= [U 1]. (1.4-8)

Reflection from a Spherical Mirror

Using (1.2-1), and the convention that the z axis follows the general direction of the
rays as they reflect from mirrors, we similarly obtain

7§

(1.4-9)

If
T ——. ¢

e =

Mol

Concave: R <(0; convex: R>0

Note the similarity between the ray-transfer matrices of a spherical mirror (1.4-9) and
4 thin lens (1.4-7). A mirror with radius of curvature R bends rays in a manner that is
identical to that of a thin lens with focal length f = —R/2.

C. Matrices of Cascaded Optical Components

A cascade of N optical components or systems whose ray-transfer matrices are
My, M., ..., My is equivalent to a single optical system of ray-transfer matrix

MI " M2 —g " MN l— M=MN---M2M1.

(1.4-10)
Note the order of matrix multiplication: The matrix of the system that is crossed by the
rays is first placed to the right, so that it operates on the column matrix of the incident
ray first. A sequence of matrix multiplications is not, in general, commutative, although
it is associative.

EXERCISE 1.4-2

A Set of Parallel Transparent Plates. Consider a set of V parallel planar transparent plates of
refractive indexes ny,na, ... ny and thicknesses d, s, ... dy, placed in air (n = 1) normal to the
z axis. Using induction, show that the ray-transfer matrix is

| ny L) o iy 1

! 4 l I N d;
I " | | z |m=[1 Zmll ;,—] (14-11)

Note that the order in which the plates are placed does not affect the overall ray-transfer matrix. What
is the ray-transfer matrix of an inhomogeneous transparent plate of thickness dj and refractive index
n(z)?
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EXERCISE 1.4-3

A Gap Followed by a Thin Lens. Show that the ray-transfer matrix of a distance d of free
space followed by a lens of focal length f is

f

M= [_1 lf‘—}]' (14-12)
pot A —#]

EXERCISE 1.4-4

Imaging with a Thin Lens. Derive an expression for the ray-transfer matrix of a system com-
prised of free space/thin lens/free space, as shown in Fig. 1.4-3. Show that if the imaging condition
(1/dy + 1/ds = 1/ f) is satisfied, all rays originating from a single point in the input plane reach the
output plane at the single point y,, regardless of their angles. Also show that if d; = f, all parallel
incident rays are focused by the lens onto a single point in the output plane.

T
-~ ]

b O et 05 Figure 1.4-3 Single-lens imaging system.

EXERCISE 1.4-5

Imaging with a Thick Lens. Consider a glass lens of refractive index n, thickness d, and two
spherical surfaces of equal radii R (Fig. 1.4-4). Determine the ray-transfer matrix of the system
between the two planes at distances d, and d from the vertices of the lens. The lens is placed in air
(refractive index = 1). Show that the system is an imaging system (i.e., the input and output planes
are conjugate) if

1 1! 1

2 I —q2
= o 5T or 5150 = [, (1.4-13)
where
zy=d;+h, sr=z—Ff (1.4-14)
20 =dy + h, Sa=zm—f (1.4-15)
and
_(n-1)fd
h= — (1.4-16)
1 (n=1) n—1d
S [2 = R} ) (1.4-17)

The points F| and I, are known as the front and back focal points, respectively. The points P, and
P; are known as the first and second principal points, respectively. Show the importance of these
points by tracing the (rajectories of rays that are incident parallel to the optical axis.
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Figure 1.4-4 Imaging with a thick lens. P; and P, are the principal points and F, and F; are the
focal points.

D. Periodic Optical Systems

A periodic optical system is a cascade of identical unit systems. An example is a
sequence of equally spaced identical relay lenses used to guide light, as shown in
Fig. 1.2-16(a). Another example is the reflection of light between two mirrors that
form an optical resonator (see Sec. 10.2A): in that case, the ray repeatedly traverses
the same unit system (a round trip of reflections), Even a homogeneous medium, such
as a glass fiber, may be considered as a periodic system if it is divided into contiguous
identical segments of equal length. We proceed to formulate a general theory of ray
propagation in periodic optical systems using matrix methods.

Difference Equation for the Ray Position

A periodic system is composed of a cascade of identical unit systems (stages), each
with a ray-transfer matrix (A, B, C, D), as shown in Fig. 1.4-5. A ray enters the system
with initial position ¥ and slope . To determine the position and slope (Ym, 5 ) of
the ray at the exit of the mth stage, we apply the ABCD matrix m times,

ym| __|A B ™ Tyo
We can also iteratively apply the relations

Ym+1 = Aym + By (1.4-19)

to determine (y,,#;) from (yp,6o), then (ys.6;) from (y;.6;), and so on, using a
software routine.

{0’ A B 3;_ A B Lo o A B |l A B .f;’.‘. A B | Ym+1
il & 8 8, € b cC D C D O G D P
I 2 m-1 m m+1

Figure 1.4-5 A cascade of identical optical systems.

It is of interest to derive equations that govern the dynamics of the position ¥y,
m = 0,1,..., irrespective of the angle #,,.. This is achieved by eliminating 6,, from
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(1.4-19) and (1.4-20). From (1.4-19)

§. = Mgﬁ% (1.4-21)

Replacing m with m + 1 in (1.4-21) yields

9 - Ymi2 — Aymé-! ) (I ‘4_22]

m+l = B

Substituting (1.4-21) and (1.4-22) into (1.4-20) gives

Yrit2 = 2bUmis — Foym, (1.4-23)
Recurrence Relation
for Ray Position

where
b= 2 ; - (1.4-24)
F? = AD — BC = det[M], (1.4-25)

and det[M] is the determinant of M.

Equation (1.4-23) is a linear difference equation governing the ray position y,. It
can be solved iteratively by computing ys from gy and y;, then y5 from ¥, and g9, and
so on. The quantity y; may be computed from yg and €y by use of (1.4-19) with n = 0.

It is nseful, however, to derive an explicit expression for g, by solving the difference
equation (1.4-23). As with linear differential equations, a solution satisfying a linear
difference equation and the initial conditions is a unique solution. It is therefore appro-
priate to make a judicious guess for the solution of (1.4-23), We use a trial solution of
the geometric form

Um = Yoh™, (1.4-26)

where h is a constant. Substituting (1.4-26) into (1.4-23) immediately shows that the
trial solution is suitable provided that / satisfies the quadratic algebraic equation

h* —2bh + F? =0, (1.4-27)
from which
h=b+jVvF?—F. (1.4-28)
The results can be presented in a more compact form by defining the variable
p = cos ™ (b/F), (1.4-29)
so that b = Fceosy, vV F? — b? = Fsiny, and therefore h = F(cosp + jsing) =
F exp(+jp), whereupon (1.4-26) becomes ¥y, = yoF™ exp(Ejmep).
A general solution may be constructed from the two solutions with positive and

negative signs by forming their linear combination. The sum of the two exponential
functions can always be written as a harmonic (circular) function, so that

Ym = YmaxF " sin(mme + @g), (1.4-30)
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where Umax and (g are constants to be determined from the initial conditions yp and
1. In particular, setting m = 0 we obtain Ymax = Yo/ sin pp.

The parameter F is related to the determinant of the ray-transfer matrix of the unit
system by F = /det[M]. It can be shown that regardless of the unit system, det[M] =
ny/mgz, where n; and ng are the refractive indexes of the initial and final sections
of the unit system. This general result is easily verified for the ray-transfer matrices
of all the optical components considered in this section. Since the determinant of a
product of two matrices is the product of their determinants, it follows that the relation
det[M] = n;/ny is applicable to any cascade of these optical components. For exam-
plc. if det[M;] = ﬂ1/n2 and d&t[Mg] = ?’12/?‘11, then det[M2M1] (ﬂz/ﬂa} T /nz)
ny /n3. In most apphcaums the first and last stages are air (n = 1) ny = mns2, so that
det[M] = 1 and F = 1, in which case the solution for the ray position is

Y = Ymax SID(mip + (p). (1.4-31)
Ray Position
Periodic System

We shall assume henceforth that ¥* = 1. The corresponding solution for the ray angle
is obtained by use of the relation 6, = (ym+1 — Aym)/B. which is derived from
(1.4-19).

Condition for a Harmonic Trajectory

For 9, to be a harmonic (instead of hyperbolic) function, ¢ = cos™* b must be real,
This requires that

<1  or FA+D/ <1 (1.4-32)
Stability Condition

If, instead, |b| > 1, ¢ is then imaginary and the solution is a hyperbolic function (cosh
or sinh), which increases without bound, as illustrated in Fig. 1.4-6(a). A harmonic
solution ensures that ¥, is bounded for all m, with a maximum value of ¥ya«. The
bound |b| < 1 therefore provides a condition of stability (boundedness) of the ray
trajectory.

Since ., and 7,1 are both harmonic functions, so too is the ray angle corre-
sponding to (1.4-31), by virtue of (1.4-21) and trigonometric identities. Thus, 8,, =
Omax sin(mp + 1), where the constants fp,, and ¢, are determined by the initial
conditions. The maximum angle 8., must be sufficiently small so that the paraxial
approximation, which underlies this analysis, is applicable.

Condition for a Periodic Trajectory

The harmonic function (1.4-31) is periodic in 7 if it is possible to find an integer s such
that 4,1« = 4, for all m. The smallest integer is the period. The ray then retraces its
path after s stages. This condition is satisfied if sy = 2mwq, where g is an integer.
Thus. the necessary and sufficient condition for a periodic trajectory is that /27 is a
rational number g/s. If ¢ = 67/11, for example, then /27 = T and the trajectory
is periodic with period s = 11 stages. This case is illustrated in F1g 1.4-6(b). Periodic
optical systems will be revisited in Chapter 7.



32 CHAPTER1 RAY OPTICS
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Figure 1.4-6 Examples of trajectories in periodic optical systems: (a) unstable trajectory (b >
1); (b) stable and periodic trajectory (w = 67 /11; period = 11 stages); (c) stable but nonperiodic
trajectory (@ = 1.5).

Summary

A paraxial ray (fy, < 1) traveling through a cascade of identical unit optical
systems, each with a ray-transfer matrix with elements (A. B, C. D) such that
AD — BC = 1, follows a harmonic (and therefore bounded) trajectory if the
condition |5(A + D)| < 1, called the stability condition, is satisfied. The position
at the mth stage is then ym = Ymaxsin{me + go), m = 0.1,2...., where
¢ = cos ' [5(A+ D)]. The constants Yy and gy are determined from the initial
positions yy and y; = Ayp + Bbj, where # is the initial ray inclination. The
ray angles are related to the positions by 8, = (Ym+1 — Ay )/B and follow a
harmonic function #y,; = e Sin(me + ;). The ray trajectory is periodic with
period s if /2 is a rational number g/s.

EXAMPLE 1.4-1. A Sequence of Equally Spaced Identical Lenses. A set of identical
lenses of focal length f separated by distance d, as shown in Fig. 1.4-7, may be used to relay light
between two locations. The unit system, a distance of d of free space followed by a lens, has a
ray-transfer matrix given by (14-12; A=1,B=d, C = —1/f, D = 1 — d/f. The parameter
b= 1(A+ D) = 1— d/2f and the determinant is unity. The condition for a stable ray trajectory,
[6] < 1or—1<b<1,is therefore

0<d<Af, (1.4-33)

s0 that the spacing between the lenses must be smaller than four times the focal length. Under this
condition the positions of paraxial rays obey the harmonic function

Y = Ymax S0 (M + o), ¢ =cos™ (1 = %) : (1.4-34)

Figure 1.4-7 A periodic sequence of lenses.
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When d = 2f, ¢ = /2. and /27 = 1, so that the trajectory of an arbitrary ray is periodic with
period equal to four stages. When d = f, ¢ = 7/3, and /27 = ﬁ, so that the ray trajectory is
periodic and retraces itself each six stages. These cases are illustrated in Fig. 1.4-8.

—

(a)

f—d—]

— PPl

[«—d—>]

Figure 1.4-8 Examples of stable ray trajectories in a periodic lens system: () d = 2f; () d = f.

EXERCISE 1.4-6

A Periodic Set of Pairs of Different Lenses. Examine the trajectories of paraxial rays through
a periodic system comprising a sequence of lens pairs with alternating focal lengths f, and fa, as
shown in Fig. 1.4-9. Show that the ray trajectory is bounded (stable) if

d d
0< (1 = E) (1— E) 2% (1.4-35)

iy pf i e e i

Figure 1.4-9 A periodic sequence of lens pairs.

EXERCISE 1.4-7

An Optical Resonator. Paraxial rays are reflected repeatedly between two spherical mirrors of
radii R; and R, separated by a distance d (Fig. 1.4-10). Regarding this as a periodic system whose
unit system is a single round trip between the mirrors, determine the condition of stability for the ray
trajectory. Optical resonators will be studied in detail in Chapter 10.

s 3 Figure 1.4-10 The optical resonator as a
i N periodic optical system.
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PROBLEMS

I.1-2  Fermat’s Principle with Maximum Time. Consider the elliptical mirror shown in Fig. P1.1-
2(a), whose foci are denoted A and B. Geometrical properlies of the ellipse dictate that the
pathlength APB is identical to the pathlengths AP’B and AP” B for adjacent points on the
ellipse.

(a) Now consider another mirror with a radius of curvature smaller than thar of the elliptical
mirror, but tangent to it at P, as displayed in Fig. P1.1-2(b). Show that the path APE
followed by the light ray in traveling between poinis A and B is a path of maximum time,
i.e., is greater than the adjacent paths AQ'B and AQ" B.

(b) Finally, consider a mirror that crosses the ellipse, but is tangent to it at P, as illustrated
in Fig. P1.1-2(c). Show that the possible ray paths AQ'B, AFPB, and AQ"E exhibit a
point of inflection.
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(a) (b)

Figure P1.1-2 (a) Reflection from an elliptical mirror. (b) Reflection from an inscribed
tangential mirror with greater curvature. (¢) Reflection from a tangential mirror with
curvature changing from concave to convex.

Transmission through Planar Plates.

(a) Use Snell’s law to show that a ray entering a planar plate of thickness d and refractive
index n, (placed in air; n = 1) emerges parallel to its initial direction. The ray need not
be paraxial. Derive an expression for the lateral displacement of the ray as a function of
the angle of incidence #. Explain your results in terms of Fermat’s principle.

(b) If the plate instead comprises a stack of /N parallel layers stacked against each other
with thicknesses d,, ds, ..., dy and refractive indexes n,ns.....nx, show that the
transmitted ray is parallel to the incident ray. If @,, is the angle of the ray in the mth
layer, show that n,, sinf,, =sinf,m=1,2,....

Lens in Water. Determine the focal length f of a biconvex lens with radii 20 cm and 30 cm

and refmctive index n = 1.5. What is the focal length when the lens is immersed in water

(n= 3)?

Numerical Aperture of a Cladless Fiber. Determine the numerical aperture and the accep-

tance angle of an optical fiber if the refractive index of the core is n; = 1.46 and the cladding

is stripped out (replaced with air no = 1).

Fiber Coupling Spheres. Tiny glass balls are often used as lenses to couple light into and

out of optical fibers. The fiber end is located at a distance f from the sphere. For a sphere of

radius @ = 1 mm and refractive index n = 1.8, determine f such that a ray parallel to the

optical axis at a distance y = 0.7 mn is focused onto the fiber, as illustrated in Fig. P1.2-10.
s =9 K

| k2= P [

Y

Figure P1.2-10 Focusing light into an optical fiber with a spherical glass ball.
Extraction of Light from a High-Refractive-Index Medium. Assume that light is gener-
ated isotropically in all directions inside a material of refractive index n = 3.7 cut in the
shape of a parallelepiped and placed in air (n = 1) (see Exercise 1.2-6).

(a) If a reflective material acting as a perfect mirror is coated on all sides except the front
side, determine the percentage of light that may be extracted from the front side.

(b) If another transparent material of refractive index n = 1.4 is placed on the front side,
would that help extract some of the trapped light?

Axially Graded Plate. A plate of thickness d is oriented normal to the z axis. The refractive

index n(z) is graded in the z direction. Show that a ray entering the plate from air at an

incidence angle #, in the y~z plane makes an angle (=) at position = in the medium given

by n(z)sin8(z) = sin fy. Show that the ray emerges into air parallel to the original incident

ray. Hinr: You may use the results of Prob. 1.2-7. Show that the ray position y(z) inside the

plate obeys the differential equation (dy/dz)* = (n?/sin?6 — 1)1,

Ray Trajectories in GRIN Fibers. Consider a graded-index optical fiber with cylindrical

symmetry about the z axis and refractive index n(p), p = /22 + y Let (p, ¢, z) be the

position vector in a cylindrical coordinate system. Rewrite the paraxial ray equations, (1.3-

4), in a cylindrical system and derive differential equations for p and ¢ as functions of z.
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Ray-Transfer Matrix of a Lens System. Determine the ray-transfer matrix for an optical
system made of a thin convex lens of focal length f and a thin concave lens of focal length
— f separated by a distance f. Discuss the imaging properties of this composite lens,
Ray-Transfer Matrix of a GRIN Plate. Determine the ray-transfer matrix of a SELFOC
plate [i.e., a graded-index material with parabolic refractive index n(y) = ny(1 — La?y?)]
of thickness d. -

The GRIN Plate as a Periodic System. Consider the trajectories of paraxial rays inside

a SELFOC plate normal to the z axis. This system may be regarded as a periodic system

made of a sequence of identical contiguous plates, each of thickness d. Using the result of

Prob. 1.4-9, determine the stability condition of the ray trajectory. Is this condition dependent

on the choice of d?

Recurrence Relation for a Planar-Mirror Resonator. Consider a planar-mirror optical

resonator, with mirror separation d. as a periodic optical system. Determine the unit ray-

transfer matrix for this system, demonstrating that b = 1 and F' = 1. Show that there is then
only a single root to the quadratic equation (1.4-27) so that the ray position must then take
the form a + mf, where o and 3 are constanis.

4 x 4 Ray-Transfer Matrix for Skewed Rays. Matrix methods may be generalized to

describe skewed paraxial rays in circularly symmetric systems, and to astigmatic (non-

circularly symmetric) systems. A ray crossing the plane z = 0 is generally characterized by

four variables — the coordinates (z,y) of its position in the plane, and the angles (6.,6,)

that its projections in the z—z and y—=z planes make with the z axis. The emerging ray is

also characterized by four variables linearly related to the initial four variables, The optical

system may then be characterized completely, within the paraxial approximation, by a4 x 4

matrix.

XA

(a) Determine the 4 x 4 ray-transfer matrix of a distance d in free
space.

(b) Determine the 4 x 4 ray-transfer matrix of a thin cylindrical lens
with focal length f oriented in the y direction. The cylindrical lens
has focal length f for rays in the y—z plane, and no focusing power
for rays in the 2—z plane.
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Until the mid-1970s virtually all communication systems relied on the transmission of
information over electrical cables or have made use of radio-frequency and microwave
electromagnetic radiation propagating in free space. It would appear that the use of
light would have been a more natural choice for communications since, unlike electric-
ity and radio waves, it did not have 1o be discovered. The reasons for the delay in the
development of this technotogy are twofold: the difficulty of producing a light source
that could be rapidly switched on and off and therefore could encode information at a
high rate, and the fact that light is easily obstructed by opague objects such as clouds,
fog, smoke, and haze. Unlike radio-frequency and microwave radiation, light is rarely
suitable for free-space communication.

Lightwave communication has come into its own, however, and indeed it is now the
preferred technology in many applications including the transmission of data, voice,
video, and telemetry in short-distance communication and local-area networks, as well
as long-haul communication and internet traffic. Lightwave technology affords the user
enormous transmission capacity, distant spacings of repeaters, immunity from electro-
magnetic interference, and relative ease of installation. Lightwave transmission is the
only technology capable of meeting the vast and exponentially increasing demands of
global communication, and its is now reaching individual dwellings via fiber to the
home (FTTH) broadband systems.

The spectacular successes of lightwave communication have their roots in two crit-
ical photonic inventions: the development of the light-emitting diode (LED) and the
development of the low-loss optical fiber as a light conduit. Suitable detectors of light
have been available for some time, although their performance has been improved
dramatically in recent years. Interest in optical communications was initially stirred by
the invention of the laser in the early 1960s. However, the first generation of optical
fiher communication systems made use of LED sources and indeed many present local-
ared communication systems continue to do so. Nevertheless, most lightwave commu-
nication systems (such as long-haul single-mode optical fiber systems and short-haul
free-space systems) do benefit from the large optical power, narrow linewidth, and high
directivity provided by the laser.

This Chapter

This chapter is an introduction to optical fiber communication systems and networks.
A point-to-point communication fink comprises three basic elements, as illustrated in
Fig. 24.0-1: a compact light source modulated by the electrical signal, a low-loss/low-
dispersion optical fiber, and a photodetector converting the optical signal back into
an electrical signal. These optical components have been discussed in detail in Chap-
ters 17, 9, and 18, respectively. Optical amplifiers have also proved themselves to be
very valuable in fiber systems; these devices are discussed in Chapter 14, To make this
chapter self-contained, Sec. 24.1 provides an abbreviated summary of the pertinent
properties of fibers, sources, detectors, and amplifiers, examining their role in the
context of the overall design, operation, and performance of an optical communication
link, Other optical accessories such as splices, connectors, couplers, switches, and
multiplexing devices are also essential to the successful operation of fiber links and
networks; the principles of some of these devices are described in Chapter 23 and in
other parts of this book.

Section 24.2 introduces the basic design principles applicahle to long-distance dig-
ital and analog optical fiber communication systems using intensity modulation. The
maximum fiber length that can be used to transmit data, at a given rate and with a
prescribed level of performance, is determined. Performance deteriorates if the data
rate exceeds the fiber bandwidth, or il the received power is smaller than the receiver

1073



1074  CHAPTER24 OQPTICAL FIBER COMMUNICATIONS

Transmitter @ (D) Receiver
Signal s=— E/Q : b -m— Signal

Fiber Fiber
| 1 Source

Figure 24.0-1 An optical fiber communication system. An electrical signal is converted into an
optical signal (E/O) by modulating an optical source. The optical signal is transmitted through the
fiber to the receiver. At the receiver, the optical signal is converted back into an electrical signal by use
of a detector and demodulator (OVE). For long fibers, optical amplitiers (OA) may be used to boost the
weakened optical signal. Alternatively, several optical links may be cascaded to form a longer link by
use of an intermediate process of electrical amplification and signal regeneration between adjacent
links. Such units are called regenerators or repeaters.

sensitivity (so that the signal cannot be distinguished from noise). This is followed, in
Sec. 24.3, by an introduction to modulation and multiplexing systems used in optical
fiber communications.

Fiber-optic networks are communication links connecting multiple users that are
distributed in some geographic area, and controlled by a set of routers and switches.
Section 24.4 provides an introduction to such networks, including wavelength-
division multiplexing (WDM) networks.

Coherent optical communication systems, which are introduced in Sec. 24.5, use
light not as a source of controllable power but rather as an electromagnetic wave of
controllable amplitude, phase, or frequency. These systems ure the natural extension
to higher frequencies of conventional radio and microwave communications. They
provide substantial gains in receiver sensitivity, permitting greater spacings between
repeaters and increased data rates.

241 FIBER-OPTIC COMPONENTS

A. Optical Fibers

An optical fiber is a cylindrical dielectric waveguide made of low-loss materials, usu-
ally fused silica glass of high chemical purity. In the simplest optical fiber, the step-
index fiber, the core of the waveguide has a constant refractive index slightly higher
than that of the cladding (the outer mediumy) so that light is guided along the fiber axis
by total internal reflection.

As described in Chapter 9, the transmission of light through the fiber may be studied
by examining the trajectories of rays within the core. In accordance with a more
complete analysis based on electromagnetic theory, light travels in the fiber in the form
of modes; each is a wave with a distinct spatial distribution, polarization, propagation
constant, group velocity, and attenuation coefficient. There is, however, a correspon-
dence between each mode and a ray that bounces within the core in a distinct trajectory.

The step-index fiber is characterized by its core radius ¢, the refractive indexes ol
the core and cladding, n; and ng, and the fractional refractive index change A =
{ny — my)/my, which is usually very small (A = 0.001-0.02). Light rays making
angles with the fiber axis smaller than the complement of the critical angle, #, =
cos ' (ny/ny), are guided within the core by multiple total internal reflections at the

core—cladding boundary. The angle #,. in the fiber corresponds to an acceptance angle
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fl, = sin” ' (NA) for rays incident from air into the fiber, where

NA =sinf, = /nf —n3 = n; V24 (24.1-1)

Numerical Aperture

is the numerical aperture,

Multimode Fibers (MMF)

The number of guided modes A is governed by the V parameter, V = 27(a/X,) NA,
where a/ )\, is the ratio of the core radius a to the wavelength A,. In a fiber with V 3 1,
there are a large number of modes, Af 2= V?/2. Since the modes travel with different
group velocities, this results in pulse spreading, which increases linearly with the fiber
length, an effect called modal dispersion. When an impulse of light travels a distance
L in the fiber, it arrives as a sequence of pulses centered at the mode delay times, as
illustrated in Fig. 24.1-1. The composite pulse has an approximate RMS width

A
Ofiber = —— L (24.1-2)
2y Response Time
(Step-Index MMF)

where ¢) = ¢u/ny. It is therefore more desirahle to use fibers with small A. For
example, it ny = 1.46 and A = 0.01, the response time per km =~ A/2¢; = 24
nsfkm. For a 100-km fiber, an impulse spreads o a width of 2.4 ps.

Modal dispersion can also be reduced by use of graded-index (GRIN) fibers. In
such fibers the refractive index of the core varies gradually from a maximum value
ny on the fiber axis to a minimum value ny at the core—cladding boundary. Rays
follow curved trajectories, with patbs shorter than those in the step-index fiber. The
axial ray travels the shortest distance at the smallest phase velocity (largest refractive
index), whereas oblique rays travel longer distances at higher phase velocities (smaller
refractive indexes), so that the delay times are approximately equalized. If the fiber is
graded optimally (using an approximately parabolic profile), then the pulse spreading
rate (ps/km) is equal to that of the equivalent step-index fiber multiplied by a factor of
A /2. For example, for A = 0.0, the pulse spread is reduced by a factor of 500. This
factor, however, is usually not fully met in practical graded-index fibers because of the
difficulty of achieving ideal index profiles.

Single-Mode Fibers (SMF)
When the core radius ¢ and the numerical aperture NA of a step-index fiber are suffi-
ciently small so that V' < 2.405, only a single mode is allowed and the fiber is called a
single-mode fiber (SMF). One advantage of using an SMF is the elimination of pulse
spreading caused by modal dispersion. Pulse spreading occurs, nevertheless, since the
initial pulse has a finite spectral linewidth and the group velocities (and therefore the
delay times) are wavelength dependent. This effect is called chromatic dispersion.
There are two origins of chromatic dispersion: material dispersion, which results
from the dependence of the refractive index on the wavelength, and waveguide dis-
persion, which is a consequence of the dependence of the group velocity of the mode
on the ratio between the core radius and the wavelength. Material dispersion is usually
larger than waveguide dispersion.
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A short optical pulse of spectral width o, spreads to a temporal width

Thlyer = ED|5’AL, (24.1-3)
Response Time (SMF)

proportional to the propagation distance L (km) and to the source linewidth oy (nm),
where [ is the dispersion coefficient (ps/fkm-nm). The parameter [J involves a combi-
nation of material and waveguide dispersion. For weakly guiding fibers (A < 1), D
may be separated into a sum Dy + D, of the material and waveguide contributions.

As an example, an SMF with a light source of spectral linewidth &y = 1 nm (from
a typical single-mode laser) and a fiber dispersion coefficient 17 = 1 ps/km-nm (for
operation near A, = 1300 nm with minimal waveguide dispersion), the response time
given by (24.1-3) is o, /L = 1 ps/fkm. A fiber of length 100 km has a 100-ps responsc
time.

The geometries, refractive-index profiles, and pulse broadening in multimode step-
index and graded-index fibers and in single-mode fibers are schematically compared in
Fig. 24.1-1.

MMEF: Step-Index ny lmpulse-response
i)

)]

()

Figure 24.1-1 (a) Step-index multimode fibers (MMF): relatively large core diameter: uniform
refractive indexes in the core and cladding; large pulse spreading due to modal dispersion. (&) Graded-
index (GRIN) MMF: refractive index of the core is graded; there are fewer modes; pulse broadening
due to modal dispersion is reduced. (¢) Single-mode fibers (SMF): small core diameter; no modal
dispersion; pulse broadening is due only to material and waveguide dispersion.

Material Attenuation and Dispersion

The wavelength dependence of the attenuation coefficients of fused-silica-glass fibers
is illustrated in Fig. 24.1-2. As the wavelength increases beyond the visible band,
the attenuation drops to a minimum of approximately 0.3 dB/km at A, = 1300 nm,
increases slightly at 1.4 gom because of OH-ion absorption, and then drops again to its
absolute minimum of ~ 0.16 dB/km at A, = 15560 nm, beyond which it rises sharply.
Fibers with suppressed OH absorption have been recently developed.

The wavelength dependence of the dispersion coefficient Dy of fused silica glass is
also illustrated in Fig. 24.1-2. Tt changes from negative values at short wavelengths 1o
positive values at long wavelengths, and is zero at A, = 1312 nm. In a medium with
negative dispersion, shorter-wavelength components of a pulse are slower than longer-
wavelength components. This is known as normal dispersion. The opposite (called
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anomalous dispersion) occurs in a medium exhibiting positive dispersion coefficient
{see Sec. 5.6). Although the sign of the dispersion coefficient does not affect the pulse-
broadening rate, the sign can play an important role in pulse propagation through
media consisting of cascades of materials with different dispersion sign, as described
in Sec. 24.2D (see also Sec. 22.3).
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Figure 24.1-2 Wavelength dependence of the minimum attenuation o and the material dispersion
coefficient D, of silica-glass fibers. The dashed line represents the attenuation of silica-glass fibers
with suppressed O absorption. Three spectral bunds (shaded) are noted: the band centered at 870
nm, which was used in earlier systems has & = 1.5 dB/km and D, = —80 ps/km-nm; the O
(original) band centered at 1310 nm, for which o = 0.3 dB /km and dispersion is minimal; and the C
(conventional) band centered at 1550 nm, for which attenuation is minimal (o = 0.16 dB/km) and
Dy = +80 ps/km-nm, Three additional bands are used in wavelength division multiplexing systems
(WDM): E = extended, S = Short, L. = Long; and U = Ultra-long.

Dispersion-Modified Fibers (DSF)

As described in Sec. 9.3B, advanced designs of single-mode fibers use graded-index
cores with special refractive index profiles selected such that the overall chromatic
dispersion coefficient /) has desired values at certain wavelengths, or wavelength de-
pendence that is useful in fiber communication systems, as in the following examples:

® In dispersion-shifted fibers (DSF), [ vanishes at A, = 1550 nm, where at-
tenuation is minimum, rather than at 1312 nm. In non-zero dispersion-shifted
fibers (NZ-DSF), D is significantly reduced in the 1500-1600 nm window, but
is not zero. A small amount of dispersion can be useful in alleviating nonlinear
distortions encountered by narrow intense pulses. The wavelength dependence of
1) in DSF and NZ-DSF fibers is illustrated in Fig. 24.1-3 |see Fig. 9.3-6(a)].

s [n dispersion-flattened fibers, D vanishes at two wavelengths and is reduced at
intermediate wavelengths [see Fig. 9.3-6(1)].

» In dispersion compensating fibers (DCF), 7 is proportional to that of the con-
ventional step-index fiber over an extended wavelength band, but has the opposite
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sign. A short fiber with a reversed large dispersion coefficient can be vsed to com-
pensate the pulse spreading introduced in long conventional fibers [see Fig. 9.3-
6(¢)].
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Figure 24.1-3 Wavelength depen-
dence of the chromatic dispersion co-
efficient [) of a conventional fiber
and examples of a dispersion-shifted
fiber (DSF) and non-zero-dispersion
shifted fiber (NZ-DSF). The desig-
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Other dispersion-modified fibers include the holey fibers and the photonic-crystal
fibers (PCF), described in Sec. 9.4. In these fibers, chromatic dispersion is dominated
by waveguide dispersion, which is strongly dependent on the geometry of the holes.
Dispersion flattening over broad wavelength ranges can be achieved as can dispersion
shifting to wavelengths lower than the zero-material-dispersion wavelength. A holey
fiber may be designed to operate as a single-mode waveguide over a broad range of
wavelengths (endlessly single-mode fibers). In fibers with a hollow core and a cladding
with holes arranged in a periodic structure, light is guided in the core by reflection from
the surrounding photonic-crystal cladding. Since the light travels in the hollow core, it
suffers lower losses and reduced nonlinear elfects.

Polarization-Mode Dispersion

Another form of pulse spreading, known as polarization-mode dispersion (PMD),
is caused by random anisotropic changes in the fiber intreduced by environmental
factors along its length. Random variations in the magnitude and orientation of the
birefringence introduce differential delays between the two polarization modes, and as
described in Sec. 9.3B, the average RMS value of the pulse broadening associated with
PMD is proportional to the square root of the fiber length:

apmp = DpapVE, {24.1-4)
Polarization-Mode Dispersion

where Dpyp is a dispersion parameter typically ranging from 0.1 to | ps/vkm. PMD
becomes important at high data rates when other forms ol dispersion are compensated.

Nonlinear Optical Effects

Silica-glass fibers exhibit two kinds of optical nonlinear effects — third-order non-
linearity, which underlies the optical Kerr effect, and nonlinear inelastic scattering,
which includes stimulated Raman and Brillouin scattering. When high-power optical
pulses are transmitted through single-mode fibers, which have small cross-sectional
area, the optical intensity may be sufficiently high for these nonlinear interactions
to occur, causing a number of deleterious effects that damage the signal integrity in
communication systems:
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m Self-phase modulaiion (SPM) is a form of nonlinear dispersion caused by the opti-
cal Kerr effect (the slight dependence of the refractive index, and hence the phasc
velocity, on the optical intensity, as described in Sec. 21.3A). Since different
segments of the optical pulse travel at different velocities, pulse spreading ensues
(see Sec. 22.3B). The optical Kerr effect may also result in crosstalk between
counter—propagating waves in two-way communication systems.

e Cross-phase modidation (XPM) results from nonlinear wave mixing wherein the
phase velocity of a wave at one wavelength depends on the intensities of waves
at other wavelengths traveling simultaneously in the same fiber (see Sec. 21.3C).
In wavelength-division multiplexing (WDM) systems, XPM can cause serious
crosstalk between the different channels.

m four-wave mixing (FWM) is also associated with third-order nonlinear effects
(see Sec. 21.3D). It causes crosstalk between four waves of different wavelengths
traveling simultaneously in the same fiber since the waves may exchange energy.
This introduces an intensity-dependent gain/loss into channels of a WDM system.

® Stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) are
inelastic scattering processes involving interactions between light and molecular
or acoustic vibrations of the medium. In these processes, two optical waves of dil-
ferent wavelengths interact via a molecular vibration mode (SRS) or an acoustic
wave (SBS) (see Secs. 13.5C, 14.3D, and 15.3A). Such interactions also lead to
undesirable crosstalk between channels of a WDM system.

The nonlinear properties of fibers may also be harnessed for useful applications in
communication systems. Nonlinear dispersion via SPM may be adjusted to compensate
for chromatic dispersion in the fiber. The result is the spreadless pulses known as
optical solitons (see Sec. 22.5B). Nonlinear interactions can also be used to provide
useful gain via FWM or SRS. Optical Raman Amplifiers are described in Sec. 14.3D.

B. Sources for Optical Transmitters

The basic requirements for the light sources used in optical communication systems
depend on the nature of the intended application (long-haul communication, local-area
network, ete.). The principal features are:

s Power, The source power must be sufficient so that, after transmission through
the fiber, the received signal is detectable with the required accuracy.

® Speed. It must be possible to modulate the source power at the rate desired for
imparting information,

m Linewidth. The source must have a narrow spectral linewidth so that the effect of
chromatic dispersion in the fiber is minimized.

& Noise. Random fluctuations in the source power must be avoided, particularly for
coherent communication systems.

m Other features. Other important features include ruggedness, insensitivity to en-
vironmental changes such as temperature, reliability, low cost, and long lifetime.

Both light-emitting diodes (LEDs) and laser diodes (LDs) are used as sources in
optical fiber communication systems. These devices are discussed in Chapter 17.

Light-emitting diodes are fabricated in two basic structures: surface emitting and
edge emitting. Surface-emitting diodes have the advantages of ruggedness, reliability,
lower cost, long lifetime, and simplicity of design. The basic limitation attendant to
their use is their relatively broad linewidth, which can exceed 100 nm in the 1300-
1600-nm band (see Fig. P17.1-5). When operated at maximum power, modulation
frequencies up to 100 Mb/s are possible, but higher speeds (up to 500 Mb/s) can be
attained at reduced powers. The edpe-emitting diode has a structure similar to that
of a laser diede without a feedback mechanism. It produces more power output with
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relatively narrower spectral linewidth, at the expense of increased complexity.

Laser diodes have the advantages of high power (tens of W), high speeds (many
Gb/s), narrow spectral linewidths (tens of MHz), and ease of coupling into single-
mode fiber. However, they are sensitive to temperature variations. Multimode laser
diodes suffer from partition noise, which is a random distribution of the laser power
among the modes. When subjected to chromatic dispersion in the fiber, this leads o
random intensity fuctuations and reshaping of the transmitted pulses, Laser diodes
also suffer from frequency chirping, which is a change of the laser frequency as the
optical power is modulated. Chirping resuits from modifications of the refractive index
that accompany changes of the charge-carrier concentrations as the injected current is
altered.

As discussed in Chapter 17, AllnGaP/InGaP LEDs are ofien used in inexpen-
sive plastic-fiber communications systems that operate in the 600-650-nm region (sce
Fig. 17.1-19). More common, however, is Iny_,Ga, Asy P, a versatile alloy that is
widely used for the fabrication of both LLEDs and L.Ds in the near-infrared region of the
spectrum. It offers a direct bandgap that is compositionally tunable over a substantial
range of wavelengths, and lattice matching to an InP substrate can be maintained.
InGaAsP is used to fabricate LEDs for short-haul, modest-bit-rate communications
systems operating at A, = 1.3 pm (see Fig. 17.1-18). Long-haul high-bit-rate commu-
nication systems generally operate at A, = 1.55 pm and make use of laser diodes
rather than LEDs since it is far easier to couple the higbly collimated light emitted by
an LI into a single-mode fiber.

The most common laser-diode configuration is the distributed feedback (DFB) laser
(Fig. 24.1-4). As discussed in Sec. 17.4C, this device makes use of a corrugated-
layer grating adjacent to the active region, which acts as a distributed reflector that
substitutes for the mirrors of a Fabry—Perot laser. This design is compatible with on-
chip integration. These edge-emitting lasers offer narrow spectral widths, which is
critical for the efficient operation of 1.3 and 1.55 pem wavelength-division-multiplexed
(WDM) optical communication systems.

Figure  24.1-4 Buried-heterostructure
multiguantum-well distributed-feedback
luser used for optical fiber communications,
The dielectric film provides gain guiding

,,.|,,p- - while the alternating p and »-type layers
Z" p-InP allow current flow only in the vicinity of
\uii'l‘ltlrl'l!c = the active region, Lasers such as these offer

ample gain at modest current devels, and
Fiber provide output powers of | W or more
in o single spatial mode. Typical values

InGaAsP/InGa @ of the threshold current and differential
MOowW responsivity are 7, < 10 mA und Ry = 0.4
active region o WA, rcspccii\‘cly.

C. Optical Amplifiers

Optical amplifiers are indispensable components in modern long-haul optical fiber
communication systems. They find use as postamplifiers (power amplifiers), line am-
plifiers, and preamplifiers. As shown in Fig. 24.1-5, power amplifiers augment the
optical power before light is launched into an optical fiber, line amplifiers serve as
repeaters to boost the signal in the course of transmission (see Fig. 24.0-1), and pream-
plifiers provide gain before photodetection.
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Figure 24.1-5 Optical fiber amplifiers are used in three configurations in an optical fiber
communication system: {e) postamplifiers; (b) line amplifiers: and (¢) preamplifiers.

We consider three kinds of optical amplifiers:

m Optical fiber amplifiers (OFAs). These include erbium-doped fiber amplifiers
(EDFAS) (Sec. 14.3C), rare-carth-doped fiber amplifiers (REFAs) (See. 14.30),
and Raman fiber amplifiers (RFAs) (Sec. 14.3D).

= Semiconductor optical amplifiers (SOAs) (Sec. 17.2).

s Optical parametric amplifiers (OPAs) (Sec. 21.4C).

With the exception of the OPA, all of the optical amplifiers listed above are nonpara-
metric devices inasmuch as they rely on an exchange of energy between the field and
the amplifying medium (see intreduction to Chapter 21). EDFAs and RFAs turn out to
be the most suitable amplifiers for optical fiber communications, as discussed below.

Optical Fiber Amplifiers (OFAs)
OFAs comprise three varieties: EDFAs, REFAs, and RFAs:

Erbium-doped fiber amplifiers (EDFAs).  Erbium-doped fiber amplifiers (EDFAs),
which were the first OFAs to be developed, are widely used in optical fiber communi-
cation systems. As discussed in Sec. 14.3C, they offer high polarization-independent
gain, high output power, low insertion loss, low noise, and a broad transition near
A = 1.55 jm (corresponding to the wavelength of minimum loss for silica optical
fibers, as shown in Fig. 24.1-2). Pumping is achieved by longitudinally coupling light
into the amplifying medium, usually from strained quantum-well InGaAs laser diodes
operating at A, — 980 nmm. The pump light may be injected in the forward or backward
direction, or bidirectionally.

Gains in excess of 50 dB can be achieved in EDFAs with tens of mW of pump power,
and signal output powers in excess of 100 W are readily generated. The available
bandwidth is AX & 40 mn, corresponding to Av & 5.3 THz, which accommodates
the C band. The L band is also readily covered although the optimization parameters of
the EDFAs are not the same in the two bands. The large gain and bandwidth offered by
these amplifiers make them highly suitable for use in wavelength-division multiplexing
(WDM) systems (see Sec. 24.3C).

Rare-earth-doped fiber amplifiers (REFAs). Several ions other than EF*Y (e.g.,
Pr*t, T, and Nd**) are useful for making rare-earth-doped fiber amplifiers (RE-
FAs) that cover the O/E/S/U bands (see Fig. 24.2-3). REFAs can therefore be used
to extend the amplification bandwidth well beyond the 60-nm (7.5-THz) bandwidth
achievable by using individually optimized EDFAs in the C and L bands. Unfortu-
nately, however, REFAs other than Er*Y function far betier with fluoride and tellurite
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glasses than with silica glass. This materials challenge is not easily surmounted, for a
number of reasons: (1) silica-glass fiber has been widely used and its manufacturing
technology is entrenched; (2) each type of REFA requires its own fiber-glass matrix;
(3) the splicing of different glasses is not straightforward; and (4) each type of REFA
requires its own laser-diode pump at the appropriate wavelength. Nevertheless, by
mixing and matching REFAs of Er** and Tm**, the available bandwidth AX can be
increased from 60 nm to &= 150 nm, corresponding to Av = 18.8 THz at 1550 nm.

Raman fiber amplifiers (RFAs). Raman fiber amplifiers operate on the basis of
stimulated Raman scattering (see Sec. 13.5C). As discussed in Sec. 14.3D, there are
two standard RFEA configurations: (1) distributed RFAs where the signal and pump arc
both sent through the transmission fiber, which serves as the gain medium, and (2)
lumped RFAs in which a short length of highly nonlinear fiber serves as the amplifier
and provides gain. As with the EDFA, pumping can be in the forward or backward
direction, or bidirectional.

The bandwidth over which Raman gain is available in silica fiber is about 100 mmn
(corresponding to about 12.5 THz at 1550 nm) so RFAs typically offer greater band-
widths than EDFAs. Furthermore, multiple pumps of different frequencies can be com-
bined to provide yet greater bandwidths; indeed, Raman amplification can, in principle,
be employed over the entire region of fiber transparency. The gain of an RFA, which is
2z 20 dB is substantially lower than that of an EDFA, as is the efficiency, but they can be
increased by making use of dispersion-compensating fiber. Also, polarization-diverse
pumping is required. The relative merits of EDFAs and RFAs have been considered
in Sec. 14.3D. In spite of the shortcomings of RFAs in comparison with EDFAs,
their wider bandwidths (extendable by using multiple pumps), arbitrary wavelength of
operation, and compatibility with existing systems make them increasingly compelitive
as OFAs.

Semiconductor Optical Amplifiers (SOAs)

Semiconductor optical amplifiers (SOAs) (see Sec. 17.3) can be made to operate in
any region of the optical spectrum by judiciously choosing the semiconductor material.
They are compact and compatible with integrated optoelectronic circuils, particularly
as postamplifiers or preamplifiers on an integrated optoelectronic circuit, and can be
electrically pumped. SOAs designed for optical transmission applications in the near
infrared are usually fabricated from InGaAsP, InGaAs, or InP. In the 1.3-1.6-pim com-
munications band, achievable bandwidths using quantum-well SOAs are A\ = 50 nim,
corresponding to Aw = 6.5 THz at A, = 1550 nm, although quantum-dot SOAs can
provide nearly 200 nm of bandwidth. However, because of their low gain (= 15 dB),
optical transmission applications have principally been limited to metropolitan optical
networks where fow gain suffices to overcome losses associated with multiple optical
add—drop nodes.

As discussed in Sec. 17.2D, SOAs have a number of disadvantages with respect to
OFAs: they are incompatible with fiber geometry, exhibit substantial interchannel and
intersymbol interference, high noise, sensitivity to temperature, and residual sensitivity
to signal polarization. As a result, they hold greater appeal for applications such as all-
optical switching in optical networks (see Chapter 23) and wavelength conversion than
as linear optical amplifiers.

Optical Parametric Amplifiers (OPAs)

The optical parametric amplifier (OPA) discussed in Secs. 21.2C and 21.4C has the
merit that it offers substantial gain and broadband tunability over an extended spectral
region that stretches from the infrared to the visible. However, it has a number of
features that limit its deployment in wavelength-division-multiplexed (WDM) applica-
tions:
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® The WDM signals must be phase matched to the pump, which requires dispersion
flattening.

s Large-scale WDM tmplementation with equal spacing of channels is impeded by
the presence ol four-wave mixing,

» This amplificr is sensitive to signal polarization so that polarization-multiplexed
pumping is required.

We conclude that SOAs and OPAs are less useful than OFAs in optical fiber com-
munication systems.

D. Detectors for Optical Receivers

A comprehensive discussion of semiconductor photon detectors is provided in Chapter
18. Two types of detectors are commonly used in optical communication systems: the
p—i—n photodiode and the avalanche photodiode (APD). The APD has the advantage
of providing gain before the first electronic amplification stage in the receiver, thereby
reducing the detrimental effects of eircuit noise. However, the gain mechanism itself
introduces noise and has a finite response time, which may reduce the bandwidth of
the receiver. Furthermore, APDs require greater voltage and more complex circuitry to
compensate for their sensitivity to temperature fluctuations. The signal-to-noise ratio
and the sensitivity of receivers using p—i—n photodiodes and APDs are discussed in
Sec. 18.6.

Detectors in the 870-nm Wavelength Range

Silicon p—i-n photodiodes and APDs are used at these wavelengths. In state-of-the-
art preamplifiers, silicon APDs enjoy a 10-10-15-dB sensitivity advantage over silicon
p-i-n photodiodes because their internal gain makes the noise of the preamplifier
refatively less important.

Detectors in the 1300-1600-nm Wavelength Range

Silicon cannot be used in this wavelength region because it is transparent (see Fig. 5.5-
1); this is because its bandgap wavelength lies below the wavelength of the light (A, <
Ao). Rather, InGaAs and Ge p—i—-n photodiodes are used, but InGaAs is preferred
because of its smaller dark noise and greater thermal stability. Typical InGaAs p—-i—
n photodiodes have guantum efficiencies i = 0.8, responsivities R ~ 1 A/W (see
Fig. 18.3-9), bandwidths = 10 GHz into 5082, and dark currents == 0.1 nA, Waveguide
structures offer larger bandwidths.

InGaAs APDs are widely used. Like all narrow-bandgap materials, however, In-
GaAs suffers from large tunneling leakage currents when subjected to strong electric
fields. This prohlem is mitigated by making use of a heterostructure with a small-
bandgap material lor the absorption region and a larger-bandgap material {or the mul-
tiplication region (SAM APD). Figure 24.1-6 illustrates a variation on this theme:
a separate-absorption-grading-multiplication (SAGM APD), in which the absorption
takes place in InGaAs and the multiplication in InP. The InGaAsP grading layer pro-
vides a smooth transition between the two regions.

Since holes multiply in this device, the salient ionization ratio is 1/k (see Fig. 18.6-
4). For InP, 1/k = (.5 when the mean gain G = 10, so the gain noise is substantially
greater than that in 8i. Nevertheless, these devices work well; they typically have
efficiencies i = (1.8, responsivities % == 10, bandwidths = 10 GHz, gain-bandwidth
products == 100 GHz, and dark currents = (1.1 nA.
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24.2 OPTICAL FIBER COMMUNICATION SYSTEMS

The simplest communication system is a point-to-peint link. The information is carried
by a signal — a physical variable (electrical, electromagnetic, optical, etc.) modilated
at one point and observed at the other. To transmit more than one signal simultaneously
through the same link, the signals must be marked by some distinct attribute (e.g., time,
frequency, or wavelength), or identified by some distinet code. The scheme is called
muldtiplexing.

In an optical fiber communication system, the link is an optical fiber through which
a light wave modulated by the signal is transmitted. The modulated physical variable
carrying the information may be the optical intensity, amplitude, frequency, phase, or
polarization. The simplest example is the intensity-modulation communication system
illustrated in Fig. 24.2-1. The simplest example of optical multiplexing is wavelength-
division multiplexing (WDM), in which multiple signals are transmitted through the
same fiber at distinct optical wavelengths, as illustrated in Fig. 24.2-2.

-——/\j\:—\/\/\/b ~d'Transmilier jed ﬂ = Recviver b+ e
¥ Fiber .
(@)
(IR U NV (Y I T | @ (I T R T T T I
l ]-—l | 1 ] L U l-'- = Trvnimilter fe - = Receiver _‘.MHC!CLL 1\-7
b Fiber

Figure 24.2-1 Optical Bber communication systems using intensity-modulation. {¢) Analog
system: the power of the light source is proportional to the signal, which s a continuous function
of time representing, e.g., an audio or video waveform. () Digital ON-OFF keying: bits *1™ and 0"
are represented, respectively, by the presence and absence of an optical pulse.

Figure 24.2-2  Wavelength-
division multiplexing (WDM)

One measure of the performance of an analog communication system is the band-
width /2 (Hz). It is the maximum frequency at which modulated optical power may be
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transmitted through the link such that the received signal is detectable with a prescribed
signal-to-noise ratio. The bandwidth is determined by the response time of the overall
communication channel and by the attenuation and the noise level at the receiver.

Similarly, a measure of the performance of a digital communication system is the
maximum bit rate Dy (bits per second, or bis) at which bits of the received signal are
discernible with error rate not exceeding a prescribed value. This data rate is deter-
mined by the attenuation and the pulse spreading introduced by the system, and also
by the noise level at the receiver. The following bit rates represent optical carrier (OC)
levels defined by the Synchronous Optical Network (SONET), which is a standard for
optical telecommunication technology:

Table 24.2-1 Approximate bit rates of the SONET standard.

OC-1 OC-3 ac-12 OC-24 0C-48  0C-192  OC-768

52 Mbfs 156 Mbys 622 Mb/s 1.25Gb/s 25Ghs 10Gh/s 40 Ghis

This section begins with an overview of the evolution of eptical fiber communica-
tion systems followed by a quantitative analysis of the performance limils of simple
digital and analog systems using intensity modulation,

A. Evolution of Optical Fiber Communication Systems

As illustrated in Fig. 24.1-2, the minimum attenuation in silica glass occurs at =
1550 nm, whereas the minimum material dispersion occurs at & 1312 nm. The choice
between these two wavelengths depends on the relative importance of power loss
versus pulse spreading, as explained in Sec. 24.2B. However, the availability of an
appropriate light source is also a factor. First-generation optical fiber communication
systems operated at = 8§70 nm (the wavelength of AlGaAs light-emitting diodes and
laser diedes), where both attenuation and material dispersion are relatively high. More
advanced systems operate at 1300 and 1550 nm.

The various operating wavelengths, materials and types of fibers, light sources,
detectors, and amplifiers that may be used for building an optical link offer many
possible combinations, some of which are summarized in Fig. 24.2-3. Progress in
the implementation of optical fiber systems has historically followed a path toward
longer wavelengths, from multimode fibers (MMF) to single-mode fibers (SMF), from
light-emitting diodes (LEDs) to laser diodes (LDs), from p—¢-n (PIN) photodiodes to
avalanche photodiodes (APDs), and from semiconductor optical amplifiers (SOAS) to
optical fiber amplifiers (OFAs). Appropriate materials for the longer wavelengths (e.g.,
quaternary sources and detectors) had to be developed to make this progress possible,

The evolution of fiber components and systems has been motivated by a desire
to increase the transmission bit rate [3y (bits/s or b/s) and the length L (km) of the
communication link (the repeater spacing); the product L3y (km-b/s) has been used
as a measure of progress. The following seven systems describe this evolution and
Fig. 24.2-4 depicts the increase in LI3; over the years. The first three systems, which
are often referred to as the first three generations of optical fiber systems, have achieved
a 1000-fold increase in L3 from 1974 to the 1990s. These technologies are used as
examples in the discussion of system performance in Sec, 24.2B, Subsequent progress
has extended these basic systems in a number of directions, leading to an increase of
LDy by another five orders of magnitude from 1990 to 2005. This tenfold increase
every four years has been called the “optical Moore’s law.”



1086  CHAPTER 24 OPTICAL FIBER COMMUNICATIONS

Source:

Detector:

Amplifier:

Fiber:

R S = -
N E S B L U
Wavelength 1 il 1 I [ & i 1 o upas | - )
Ao (hm) w00 900 1000 1100 1200 Eb S 1500 ° 1600 1700
" ) w
LED 35741
LASER AlGaAs [ : InGaAsP ’ |
pei-n Si | | Ge 1o ]
AFD [ InGahs ]
s N [~
SOA AlGaAs . hGeAsr |
— ! oy [EDFA
REFA
RFA
[
MME: SI/ GRIN o .
SMF Silica gm !

i i DSF

Figure 24.2-3 Types and materials of optical sources, detectors, amplifiers, and fibers used at

various wavelengths. The first generations of optical links operated at wavelengths near 870 nm,
1310 nm, and 1550 nm.

System I

System 2:

System 3:

System 4

Multimode fiber (MMF) at 870 nm. This is the early technology of the 1970s.
Fibers are either step-index or graded-index. The light source is either an
LED or a laser (initially GaAs and subsequently AlGaAs). Both silicon p—i-
n and APD photodiodes are used. The performance of this system is limited
by the fiber’s high attenuation and modal dispersion. A typical intercity
communication link of this era operated at I3y = 100 Mb/s, with a repeater
spacing L = 10 km, i.e., L3y = | km-Gb/s.

Single-mode fiber (SMF} ar 1310 rum. The move to single-mode fibers and a
wavelength region where material dispersion is minimal led to a substantial
improvement in performance, limited by fiber attenuation. InGaAsP lasers
are used with either InGaAs p-i—n or APD photodetectors (Ge APDs are
also sometimes used). A typical long-haul link in this class operated at OC-
12 (622 Mb/s) with repeater spacing L = 40 ki and L. = 25 km-Gb/s.

Single-mode fiber (SMF) ar 1550 nm. At this wavelength the fiber has its
lowest attenuation. Performance is limited by material dispersion, which
is reduced by the use of low-chirp single-frequency distributed-feedback
(DFB) lasers (InGaAsP). Subsequent use of dispersion-shifted fibers (DSF)
has alleviated the dispersion problem and boosted the performance. An
example of this system is a long-haul terrestrial or undersea link operating
at 2.5 Gb/s (OC-48) over a distance [, = 100 km, for which LI = 250 km-
Gb/s. Advances in transmitters and receivers have boosted this system to [0
Gb/s (OC-192), bringing L 3y to one km-Th/s.

Coherent system. As described in Sec. 24.5, rather than measuring the
intensity of the signal light directly by a photodetector, a coherent system
makes use of coherent detection, in which light from a local source (called
the local oseillator) is mixed with the signal light at the detector. The use
of coherent detection enhances the receiver sensitivity thus allowing greater
communication distances; however, this comes at the expense of increased
complexity. As a result, the commercial implementation of coherent systems
has lagged behind that of direct-detection systems, particularly as a result of
the emergence of optical fiber amplifiers.
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Svstem 5. Link with optical amplifiers. The advent of semiconductor and optical fiber
amplifiers (sce Sec. 24.1C) has had a dramatic impact on the performance
of optical fiber communication systems. Placed periodically along the fiber,
these amplifiers compensate attenuation and therefore extend the distance
between electronic repeaters. An example is the transpacific TPC-5 system,
which operates at bit rates of up to B3y = 10 Gb/s with distances up to L =
20,000 km, i.e., LBy = 200 km-This.

System 6: Optical sofiton system. Solitons are short (typically 1 to 50 ps) optical pulses
that can travel through long optical fibers without changing the shape of their
pulse envelope. As discussed in Sec, 22.5B, the effects of fiber dispersion
and nonlinear self-phase modulation (arising, for example, from the optical
Kerr effect) precisely cancel cach other, so that the pulses act as if they
were traveling through a linear nondispersive medium. Erbium-doped fiber
amplifiers are effectively used in conjunction with soliton transmission to
overcome absorption and scatlering losses. Experimental systems have been
operated at 10 Gb/s over fiber lengths in excess of 12,000 km (L3, = 1200
km-Th/s).

System 7: Wavelength-division multiplexing (WDM).  The introduction of WDM has
provided a significant increase in the capacity of the system by the use of
multiple wavelengths (channels) transmitted through the same fiber. Broad-
band optical amplifiers are used to provide simultaneous amplifications for
all channels. An example is the TPC-6 system for which By = 100 Gb/s,
L = 9,000 km, and LIy = 900 km-Tb/s. In combination with dispersion-
managed transmission and forward error correction, rates of 5-10 Thit/s per
fiber over distances of 10000 km are now possihle.
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Figure 24.2-4 The history of optical fiber communication systems comprises conlinuous
improvement of the bit rate distance product L.

B. Performance of Optical Fiber Systems

The first step in assessing the performance of a fiber communication system is to come
up with a mathematical model describing the effect of the various system components,
principally the optical fiber, on the modulated signal. This permits us to estimate the
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shape of received distorted signal, and hence determine the signal-to-noise ratio in
analog systems and the expected bit error rate in digital systems,

In most applications, the fiber may be treated as a linear system described by an
impulse response function i{¢) or its Fourier transform, the transfer function H(f),
where f is the modulation frequency. Three important parameters characterize these
functions:

® Power transmission, This is the fraction of steady {(unmodulated) input optical
power received at the output. It equals the transfer function H(f) at f = 0. Since
H(f) is the Fourier transform of i(t), H{0) = [ h(t)dt is the area under A(f).
For a fiber of length L and attenuation coefficient o (dB/km), H(0) = exp|—alL],
where o = (.23 is the attenuation coefficient in units of km !, Localized power
losses at couplers may also be included in cc in distributed units of dB/km.

s The response time o is the width of 1i(t). It determines the temporal spreading of
optical pulses and therefore sets the maximum data rate that can be used in digital
systems. The response time is proportional to the fiber length. For example, in a
single-mode fiber, o, = |D|ay L, where ay (nm} is the source linewidth and F2
(ps/fkm-nm) is the dispersion coefficient {ps/km-nm).

m The bandwidih oy (Hz) is the width of the transfer function |H( f}|. In an analog
system, the bandwidth determines the maximum frequency at which the input
power may be modulated and successfully detected hy the receiver. Since H{f)
and h(t) are related by a Fourier transform, the bandwidth ¢y is inversely pro-
portional to the response time a,. The coefficient of proportionality depends on
the actual profile of h(t) (see Appendix A, Sec. A.2). Here, we use the relation
a; = 1/2xna, for the purpose of illustration.

The maximum fiber length that can be used to transmit a signal with a desired
performance level is set by the following principal impairments introduced by the
system:

® Attenation results in an exponential drop of the optical power as a function of
distance [Fig. 24.2-5(a)]. At a distance for which the received power becomes
smaller than the receiver sensitivity (the minimum power required by the re-
ceiver), the system’s performance becomes unacceptable.

m Dispersion results in an increase of the width of the optical pulses that represent
data bits in a digital system as a function of distance [Fig. 24.2-5(b)]. When
the width exceeds the bit interval, adjacent pulses overlap, resulting in intersym-
bol interference (151}, which introduces undesirable errors. In an analog system,
dispersion washes out high-frequency components of the modulated signal and
reduces the system’s bandwidth.

T Bittime ”

Power
Pulse width

“Distance —» Distance —»

(a) Attenuation (b Dispersion
Figure 24.2-5 (a) Dependence of the optical power on the distance. (b) Dependence of the pulse
width on the distance. The maximum length of the optical link is set by cither (a) attenuation, when
the received power drops below the receiver sensitivity, or (b) dispersion, when the pulse width
exceeds the bit time,
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® Noise added by oplical components, such as optical amplifiers, and by random
propagation effects, such as polarization mode dispersion, introduces additional
errors.

® Nonlinear distortion associated with intense optical pulses results in the cross
mixing of spectral components, and the intreduction of interference between mul-
tiplexed signals in wavelength-division multiplexing (WDM) systems.

The communication system is more sensitive to transmission impairments at high
bit rates (or high modulation frequencies) because of the following effects:

® For a fixed average power, a higher bit rate corresponds to fewer photons per bit,
and therefore to greater photon noise. Other noise sources in the receiver also
become more important at high data rate. The receiver sensitivity is therefore an
increasing function of the bit rate [Fig. 24.2-6(a)].

= A higher bit rate corresponds to shorter pulses [Fig. 24.2-6(8)] with broader spec-
tra and greater dispersion. Such pulses undergo greater broadening, which leads
to greater intersymbol interference (ISI).

= For a fixed optical energy per bit, a higher bit rate (shorter bit time) requires
greater optical power {Fig. 24.2-6(c)}, which evokes nonlinear interactions lead-
ing 1o nonlinear IS
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Figure 24.2-6 Effect of bit rate on () receiver sensitivity, (b) pulse width at the receiver, and ()
peak power. At higher bit rate, the communication system is more sensitive to attenuation, dispersion,
and nonlinear effects.

As we will see in the remainder of this section, the design of a long-haul high-bit-
rate optical fiber communication link involves the selection of fibers with the lowest
attenuation and/or dispersion, and careful power and pulse width budgeting, while
guarding against the deleterious nonlinear effects associated with ultra-intense pulses.

Bit-Error Rates

The performance of a digital communication system is measured by the probability
of error per bit, which is referred to as the bit error rate (BER). For an ON-OFF
keying system, such as that shown in Fig. 24.2-1, bits “!”" and “0” are represented,
respectively, by the presence and absence of an optical pulse. If p, is the probahility of
mistaking * 1" for “0,” and py is the probability of mistaking “0” for *“1,” and if the two
bits are equally likely to be transmitted, then BER = %;)1 4 %po. A typical acceptable
BER is 10 ¥ (i.e., an average of one error every 10 bits).

Errors oceur as a result of noise in the received signal, or due to pulse spreading
into neighboring bits, which results in intersymbol interference. Figure 24.2-7 shows
an example of random realizations of the pulse corresponding to bit *1,” superimposed
with random realizations of the signal received from possible neighboring pulses when
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the bit is “0.” This diagram is known as the eye diagram. The more open the “eye,”
the more distinguishable are the 1™ and “0” bits and the less the likelihood of error.

Figure 24.2-7 Closing of the eye diagram (left to right) as a result of noise and pulse broadening.

Receiver Sensitivity

The sensitivity of a digital optical receiver is defined as the minimum number of
photons (or the L(mtxpnndmg optical energy) per bit necessary to guarantee that the
rate of error (BER) is smaller than a prescribed rate (e.g., 10 %, Errors occur because
of the randomness of the number of photoelectrons detected during each bit, as well
as the noise in the receiver circuit itself. The sensitivity ol receivers using various
photodetectors is discussed in Sec. 18.6E.

For example, when the light source is a stabilized laser, the detector has unity
quantum efficiency, and the receiver circuit is noise-free, then an average of at least
My = 10 photons per bit is required to ensure that BER < 10-%. Therefore, the
sensitivity of the ideal receiver is 10 photons/bit. This means that bit “1" should carry
an average ol at least 20 photons, since bit “0" carries no photons. In the presence of
other forms of noise, a larger number of photons is required.

A sensitivity of Ay, photons corresponds (o an optical energy hsng per bit and an
optical power £, = (hu/fy)/(1/By).

1”,- = hl‘/ﬁul}ﬁ‘ (24.2-])

which is proportional to the bit rate I3;. As the bil rate increases, a higher optical power
is required to maintain the number of photons/bit (and therefore the BER) constant.

It is shown in Sec. 18.6E that when circuit noise is important, the receiver sensitivity
Ny depends on the receiver bandwidth (i.e., on the data rate [Jy). This behavior com-
plicates the design problem. For simplicity, we shall assume in the following analysis
that the receiver sensitivity (photons per bit) is independent ol £3,.

C. Attenuation- and Dispersion-Limited Systems

In this section, we examine the performance limits imposed by arrenuation and dis-
persion on a digital intensity modulation ON-OFF keying (OOK) system. Nonlinear
effects are ignored and the fiber transmission system itself is assumed to introduce no
noise.

Consider an optical fiber link operated as a digital communication system at a data
rate of 3y bits/s over a distance of L (km). The source has power P, (mW), wavelength
A (nm), and spectral width o (nm). The fiber has attenuation coefficient « (dB/km)
and chromatic dispersion coefficient Dy (ps/km-ns). The receiver has a sensitivity of
iy (photons per bit), corresponding to power sensitivity I, = (he/A)FgBy (mW),
which must be received for the system to operate at an acceplah]c error rate.

The performance limits are established by determining the maximum distance L
over which the link can transmit 13, bits/s without exceeding the prescribed bit-error
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rate. Clearly, L decreases with increase of Bp. Alternatively, we may determine the
maximum bit rate 3 a link of length L can transmit with an error rate not exceeding
the allowable limit. The maximum bit-rate-distance product L3 serves as a single
number that describes the capability of the link. We shall determine the typical depen-
dence of L on I3y, and derive expressions for the maximum bit-rate—distance product
LBy for various types of fibers.

Two conditions must be satisfied for acceptable operation of the link:

1. The received power must be at least equal (o the receiver power sensitivity 3.
This condition is met by preparing a power budget from which the maximum
fiber length is determined. A margin of 6 dB above F, is usually specified.

2. The width of the received pulses must not significantly exceed the bit time in-
terval 1 /13y, or else adjacent pulses overlap and cause intersymbol interference,
which increases the error rates, This condition is met by preparing a budget for
the pulse spreading resulting from the transmitter, the receiver, and various forms
ofl dispersion in the fiber.

If the bit rate Dy is fixed and the link length L is increased, two situations leading
1o performance degradation may occur: the received power becomes smaller than the
receiver power sensitivity I°., or the received pulses become wider than the bit time
1/ By. If the former situation occurs first. the link is said to be atrenuation limited. 1If
the latter occurs first, the link is said te be dispersion limited.

Attenuation-Limited Performance: Power Budget

Attenuation-limited performance is assessed by preparing a power budget. Since fiber
attenuation is measured in dB units, it is convenient to also measure power in dB units.
Using 1 mW as a reference, dBm units are defined by

P = 10log;, P, PinmW; PindBm. (24.2-2)

For example, PP = 0.1 mW, 1 mW, und 10 mW correspond to P = —10 dBm, 0
dBm, and 10 dBm, respectively. In these logarithmic units, power losses are additive.

If P, is the power of the source (dBm), « is the fiber loss (dB/km), P, is the
splicing and coupling loss (dB), and L is the maximum fiber length such that the power
delivered to the receiver is the receiver sensitivity P, (ABm), then

P,~P.—- Py, —al.="P, (dB units), (24.2-3)

where Py, is a safety margin. The optical power is plotted schematically in Fig. 24.2-8
as a function of the distance from the transmitter.
The receiver power sensitivity P, = 10logq P (dBm) is obtained from (24.2-1),

Aghv DBy

P, = 10log 55 dBm. (24.2-4)

Thus, P, increases logarithmically with By, and the power budget must be adjusted for
each Iy as illustrated in Fig. 24.2-9.
The maximum length of the link is obtained by substituting (24.2-4) into (24.2-3),

| ﬁuhuﬂo
]. = a (P-, i P( = P'm =X 10 i()g—m—_:‘" ¥

(24.2-5)
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Figure 24.2-8 Power budget of an optical link.
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Figure 24.2-8 Power budgel as a function of bit rate f3,. As 3, increases, the power P, required
al the receiver increases (so that the energy per bit remains constant), and the maximum lenpth L
decreases.

from which

10
L= Lu == == I(l[.’, .Bn, (242-())
2 Altenuation-Limited Fiber

where Ly = [Py — Pe — Py, — 30 — 10log(Rohv)] /. The length drops with increase
of 3y at a logarithmic rate with slope 10/ a. Figure 24.2-10 is a plot of this relation for
the operating wavelengths 870, 1300, and 1550 nm.

Dispersion-Limited Performance: Time Budget

When a pulse representing a data bit is generated by the transmitter, propagated through
the fiber, and detected by the receiver, it loses power and gains width. The final pulse
width &, depends on the original pulse width a,, the response time of the transmitter
Tix. the response time of the fiber g, which results from various forms of dispersion,
and the response time of the receiver o,,. The actual shape of the receiver pulse
may be determined by convolving the original pulse profile with the impulse respense
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Figure 24.2-10 Maximum fiber length L as a function of bit rate /3; under attenuation-limited
conditions for a fused silica-glass fiber operating at wavelengths A, = 870, 1300 and 1550 nm
assuming fiber attenuation coefficients a = 2.5, 0.35, and 0.16 dB/km, respectively; source power
P, = 1 mW (P, = (0 dBm): receiver sensitivity g = 300 photons/bit for receivers operating at
870 and 1300 nm and Ay, = 1000 for the receiver operating at 1550 nmy; and P, = P,, = 0. For
comparison, the L-I3; relation for a typical coaxial cable is also shown,

functions of the transmitter, the fiber, and the receiver (assuming that all systems are
linear). I all functions are Gaussian, the square of the width of the final pulse equals
the sum of the squares of the widths of all constituent functions, so that

as =0 +aZ,, (24.2-7)

where

o =015 + T + 05, (24.2-8)
and oy, is the width of the response function of the communication system (trans-
mitter + fiber + receiver). These relations are used in practical design even though the
response functions are not Gaussian.

A principal design condition for the communication link ensures that the width of
the received pulse does not exceed a prescribed fraction of the bit period T = 1/ Dy, in
order avoid intersymbol interference (ISI). A time budget must be prepared (Fig. 24.2-
11} to ensure that this condition is met. The choice of that fraction is arbitrary and
a number of ad hoc values are used. For example, some designers require that the
system’s response time oy, does not exceed 70 % of the bit period for non-return-
to-zero (NRZ) pulses and 35 % for return-to-zero (RZ) pulses (see Fig. 24.3-4 in
Sec. 24.3A for definitions of these modulation formats).

For a given receiver and transmitter, the design of the link centers around determin-
ing the maximum fiber length L. Since the only length-dependent contribution to o,
comes from the fiber e, in the following analysis we will adopt a design condition
that the maximum allowed value of @, be 25 % of the bit-time interval T, i.e.,

1
1

g, = 1T = . 24.2-9
= a0, ( )
The choice of the factor j is clearly arbitrary and serves only for comparison of
the different types of fibers. We now consider the distance versus bit-rate relations
that arise from this condition for the various dispersion-limited cases mentioned in

Sec. 24.1A. The results are plotted in Fig. 24.2-12.
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Figure 24.2-11 Budget for the pulse temporal width.

Multimode fiber (MMF). For multimode fiber, the width of the received pulse after
propagation a distance L is dominated by modal dispersion. for step-index fibers,
(24.1-2) and (24.2-9) result in the L—B3; relation

¥ 2‘"—‘ (24.2-10)

A Step-Index MMF

where ¢; = c,/ny is the speed of light in the core material and A = (n, —
ny) /1y is the fiber fractional index difference. In a graded-index fiber of optimal
{approximately parabolic) refractive index profile, the pulse width is smaller by
a factor 2/A, and L3, is greater hy the same factor. For ny = 1.46 and A =
0.01, the hit-rate—distance product L3 &= 10 km-Mb/s for step-index fibers and
LBy =~ 2 km-Gb/s for graded index fibers.

Single-mode fiber (SMF). Assuming that pulse broadening in a single-mode fiber
results from material dispersion only (i.e., neglecting waveguide dispersion), then
for a source of linewidth o the width of the received pulse is given by (24.1-3),
50 that

1
LBy = —— 24.2-11
U 4!!.‘),\'("3) ( SMF)

where [y is the dispersion coefficient of the fiber material. For operation near
Ao = 1300 nm, | D, | may be as small as | ps/km-nm. Assuming that ¢y = 1 nm
(the linewidth of a single-mode laser), the bit-rate-distance product L3y = 250
km-Gbf/s. For operation near A, = 1550 nm, 12y, = 17 ps/km-nm, and for the
same source spectral width oy = 1 nm, L3 = 15 km-Gb/s.

Single-mode fiber with transform-limited pulses. To reduce chromatic dispersion,
the spectral linewidth , of the source must be small. Spectral widths that are
a small fraction of 1 nm are obtained with single-frequency lasers and external
modulators. However, an extremely narrow spectral width is incompatible with
an extremely short pulse because of the Fourier transform relation between the
spectral and temporal distributions. As described in Sec. A.2 of Appendix A,
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Figure 24.2-12 Dispersion-limited maximum fber length L as a function of the bit rate By for
multimode fibers (MM and single-muode fibers (SMF). Six lines are shown (left to right): (@) MME
step-index (ny = 1464 = 0.01), LB, = 10 km-Mb/s; () MME, graded-index with parabolic
profile (ny = 146, & = 0.01), LiF, — 2 km-Gb/s; (¢) SMF limited by material dispersion, operating
at 1550 nm with B, = 17 ps/km-nm and oy = | nm, Byl = 15 km-Gb/s; (d) SMF limited by
malerial dispersion, operating at 1300 nm with | D24 = 1 pstkm-nm and a5, = L nm, Byl = 250 km-
Gh/s: (¢) SMF with transform limited pulses operating at 1550 nm with |24 = 17 ps/km-nm; ()
same as (¢) with non-zero dispersion-shifted fiber (NZ-DSF) with chromatic dispersion coeflicient
Dy = 1 psfkm-nm,

pulses with the least product of temporal and spectral widths have a Gaussian
profile. Such transform-limited pulses therefore suffer the least dispersion.

A transform-limited Gaussian pulse of width 7y and complex envelope exp(—t2/73)
has a Gaussian spectral intensity of width (FWHM) a,, = 0.375/7 (see Sec. 22.1B).
This corresponds o oy = |8A,/0v|a, = (M:/c)a, = 0.3T5M2 /e, If the pulse
has a width equal to half a bit period, i.e, 7o = T/2 = 1/28, then

)\‘2
ox = 0.75-2 By, (24.2-12)
(4]

which is directly proportional to the bit rate [3;. For example, for A, = 1550 nm
and By = 10 Gb/s, o5 = 0.06 nm. As described in Sec. 22.3B, when a transform-
limited Gaussian pulse of width 7y travels through a dispersive medium with
dispersion coefficient D, it is broadened by a factor of /2 at the characteristic
distance zp = m?/r),,. At this distance a pulse of initial width 7p = T/2
stretches by a time (\/§ T/2 == (.21T. We may therefore take z, as the
maximum acceptable length [, of the communication link. Using the relations
L=sp=mi/D,1w = T)2 = 1/2B, and D,. = D,\/\E/r., we obtain the
distance bit-rate relation

7 PR (24.2-13
0= ATD i

Transform-Limited Pulse
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The maximum distance L is therefore inversely proportional to 132, i.e., drops
more rapidly with the data rate than in previous cases. Also, the product B, L is
inversely proportional to the data rate I3,,. Figure 24.2-12 shows the L — I3, rela-
tion for A, = 1550 nm and Dy = 17 ps/fkm-nm. For example, at B,=10Gb/s, L=
64 km, but at 13, = 40 Gb/s, L drops to 4 km. The use of transform-limited pulses
therefore extends the dispersion-limited bit rate bounds substantially, although
that rate drops more rapidly with further increase of bit rate.

m Single-mode dispersion-compensated fiber with transform-timited pulses. With
single-mode fibers and transform-limited optical pulses, the maximum fiber dis-
tance for a given bit rate reaches its highest value, limited only by the dispersion
coefficient. This coefficient can be reduced by use of dispersion-shifted fibers
(DSF). As shown in Fig. 24.2-12, reduction of D from 17 ps/km-nm to 4 ps/km-
nm, by use of DSF, increases the maximum length from 64 km to 272 km at 10
Gb/s. However, DSF fibers come with slightly higher attenuation coefficient,

Combined Attenuation- and Dispersion-Limited Performance

The attenuation-limited and dispersion-limited distance-bil-rate relations are com-
bined in Fig. 24.2-13 by superposing Figs. 24.2-10 and 24.2-12 and selecting the
smaller of the attenuation- or dispersion-limited distances. These relations describe the
performance of generations of optical fibers operating at A, = 870 nm (multimode), at
1300 nm, and 1550 nm (single-mode). Several simplifying assumptions and arbitrary
choices have been used to create this chart, and the values obtained should therefore
be regarded only as indications of the order of magnitude of the relative performance
of the different types of fibers. Nevertheless, a number of important conclusions can
be made:

1000 , ; . : PEEC LT,
~ 100 =
E LY ]
= \ Transform-
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@
g
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|| ) IS [ el : )
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Figure 24.2-13 Maximum distance L versus bit rate By for six cases of fibers. This graph is
obtained by superposing the graphs in Figs. 24.2-10 and 24.2-12. Each line represents the maximum
distance L of the link at cach rate I3y that satisfies both the attenuation and dispersion limits, ie.,
guarantees the reception of the required power and pulse width at the receiver.

® At low bit rates, the fiber link is generally attenuation limited; L drops with I3
logarithmically. At high bit rates, the link is dispersion limited and L is inversely
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proportional to I3, for optical pulses limited by the source linewidth and inversely
proportional to 133 for transform-limited.

s For high-data-rate long-haul communication links, single-mode fibers are essen-
tial. The choice between the 1300-nm and the 1550-nm wavelengths is not ob-
vious since, for conventional fibers, chromatic dispersion is smallest at 1300 nm
while the attenuation is smallest at 1550 nm. This explains the cross-over of the
L — B, lines at these wavelengths.

= By use of dispersion-shifted fibers (DSF), it is possible to reduce the overall chro-
matic dispersion coefficient at 1550 nm, making operation at 1550 nm generally
superior to operation at 1300 nm.

Performance of Analog Communication System

As in digital optical fiber communication links, the performance of an analog link is
limited by the fiber attenuation and/or dispersion. Because of fiber attenuation the
received signal is weakened and may not be discernible from noise. Because of fiber
dispersion the transmission bandwidth oy = 1/270, is limited so that high-frequency
signal components are attenuated more than low-[requency components, resulting in
signal degradation. Both of these deleterious effects increase with the increase of the
fiber length L. The received optical power drops exponentially with L. whereas the
fiber bandwidth is inversely proportional to L. Nonlinear effects do not play a role in
analog systems since the power is distributed and not concentrated in narrow pulses.

The maximum allowable length of the analog fiber link is determined by ensuring
that two conditions are met:

= The fiber attenuation must be sufficiently small so that the received power is
greater than the receiver power sensitivity P,

= The fiber bandwidth @y must be greater than the spectral width /3 of the transmit-
ted signal.

As discussed in Sec. 18.6, the sensitivity of an analog optical receiver is the smallest
optical power necessary for the signal-to-noise ratio (SNR) of the photocurrent to
exceed a prescribed value SNRy. For an ideal receiver (with unity quantum efficiency
and no circuit noise) SNR = 0 = (P/hw) /213, where B is the receiver bandwidth,
P the optical power (watts), and 7 the average number of photons received in a time
interval 1/213, regarded as the resolution time of the system. If SNRy is the minimum
allowed signal-to-noise ratio, the receiver sensitivity becomes i = SNRg photons per
resolution time and the corresponding power

P, = hiny(28). (24.2-14)

This is identical to the expression (24.2-1) for the power sensitivity of the digital
receiver il the resolution time 1/28 of the analog system is equated with the bit time
1/ 8y of the digital system.

Because of the equivalence between (24.2-14) and (24.2-1) and because of the
applicability of the power budget equation (24.2-3) to analog systems as well, the
L—13 relations determined earlier for the binary digital system are applicable to the
analog system, with /3, replaced by 203, provided that the acceptable performance
of the analog system is SNRy = 10. Ag an example, a 1-km fiber link capable of
transmitting digital data at a rate of 2 Gb/s with a BER not exceeding 10~ can also
be used to transmil analog data of bandwidth 1 GHz with a signal-to-noise ratio of at
least 10.

In analog systems, however, the required signal-to-noise ratio is usually much
greater than 10, so that the receiver sensitivity must be much greater than 10 photons
per resolution time. For high-quality audio and video signals, for example, a 60-dB
signal-to-noise ratio is often required. This corresponds to SNRy = 10% or Ay =
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10°% photons per resolution time. Additional design considerations are particularly
important in analog systems. For example, the nonlinear response of the light source
and photodetector cause additional signal degradation and place restrictions on the
dynamic range of the transmitted waveforms.

D. Attenuation and Dispersion Compensation and Management

Attenuation Compensation

The performance of attenuation-limited fiber communication systems may be signifi-
cantly enhanced by use of optical fiber amplifiers placed at appropriate distances within
the fiber link, as illustrated in Fig. 24.2-14. Amplifiers elevate the diminished optical
power, so that the received power remains above the receiver sensitivity for longer
links. This process is ultimately limited by the noise introduced by the amplifiers
themselves since, unlike repeaters, optical amplifiers do not regenerate the exact digital
signal. However, before this limit is reached, dispersion often takes over and the system
becomes dispersion limited. Dispersion compensation is therefore indispensable in
long-haul optical fiber communication systems using optical amplifiers.

iy Fiber b Fiber p Fiber >

Power

Figure 24.2-14 Compensation of attenuation by use of optical fiber amplifiers,

Dispersion Compensation

The pulse spreading introduced by propagation through an optical fiber of length I and
dispersion coefficient 12, may be reversed by use of another fiber, called a dispersion-
compensating fiber, with dispersion coefficient [ of opposite sign and length L’
selected such that the magnitudes of the dispersion introduced by the two fibers are
equal, i.e.,

DL = -DyL. (24.2-15)

The pulse spreading and compression introduced by an alternating sequence of such
fibers is illustrated in Fig. 24.2-15. The compensating fiber is often relatively short
and its dispersion coefficient must therefore be high. Since dispersion in conventional
fibers is positive for wavelengths above 1310 nm, the dispersion compensating fiber
must have negative dispersion in this band. This can be afforded by use of dispersion-
shifted fibers (DSF).

Other optical components may be used in place of DCFs. As described in Sec. 22.2,
the propagation of an optical pulse through a dispersive medium is equivalent to a
quadratic chirp filter, which is a phase-only filter with a phase proportional to the
square of the frequency. A fiber of length L and dispersion coefficient D) is a quadratic
chirp filter with chirping coefficient = Dy L. The effect of this filter may be com-
pletely eliminated by use of an inverse compensation filter — another quadratic chirp
filter with chirping coefficient of equal magnitude and opposite sign, " = 0. The
dispersion compensating fiber plays such a role, but other optical components, such as
gratings and interferometers, may also be used (sce Sce. 22.2).
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Figure 24.2-15 Dispersion compensation by use of fiber segments of opposite dispersion.

The compensation filter may be placed at the transmitter end of the link, thus prec-
ompensating the dispersion that is subseguently introduced by the fiber. Alternatively,
it may be placed at the receiver end, thus postcompensating the broadened pulses
immediately before they are detected. More commonly, multiple compensation filters
are placed periodically within the Tink, providing distributed compensation. Under
linear propagation conditions, the actual locations of the compensation filters is not
important. However, in order to avoid the deleterious nonlinear effects, compensation
filters are placed such that short pulses are avoided over extended distances within the
fiber.

Broadband Dispersion Compensation: Dispersion Management

For broadband communication systems, such as WDM, the condition for dispersion
compensation, (24.2-15), must be satisfied at all wavelengths within the spectral band;
ic., the error ey = D\L' — DL must be zero everywhere. Since the dispersion
coelficients are wavelength dependent, this condition is difficult to satisfy. Fig. 24.2-16
illustrates a situation for which ey = 0 at a wavelength A; in the middle of the band,
wherein the compensation is perfect, a positive ey at a wavelength Xz corresponding to
a net positive dispersion, and a negative ¢, at another wavelength s with net negative
dispersion.
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Figure 24.2-16 Perfect dispersion compensation al Ay, and imperfect dispersion compensation
with net positive and negative dispersion at Ay and Az, respectively, The error ¢ vanishes if the
slopes of Dy and D} are equal.

If both Dy and D are approximately linear functions of X with the same slope,
and if ¢y = 0 at the central wavelength A, then ¢y = U everywhere. The design of a
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dispersion compensation filter with the appropriate value of the dispersion coefficient
and the slope of its wavelength dependence is known as dispersion management.

E. Soliton Optical Communications

The ultimate dispersion compensation occurs naturally in optical solitons. These non-
spreading pulses have an intensity that is sufficiently high for the nonlinear optical
properties of the fiber to play a principal role in their formation. As described in
Sec. 22.5B, optical solitons are pulses for which nonlinear dispersion (the dependence
of the phase velocity on the intensity via the optical Kerr effect) completely com-
pensates linear chromatic dispersion — the net result is that the pulse travels without
altering its width or shape. The gain provided by a fiber amplifier can also be used
to compensate for fiber attenuation so that the pulse maintains its peak intensity and
continues to travel as a soliton.

As expressed in (22.5-13), for a pulse of width 7, peak intensity Iy, and free-space
wavelength A, at its central frequency, the condition for soliton formation is

9 _an
P (24.2-16)
Ao 7 Soliton Condition
where 712 is the Kerr coefficient and —3" = (A%/2me,) Dy is proportional to the

dispersion coefficient [2y. The intensity profile of the soliton is described by I(1) =
Iy sech®(t/p), which is a bell-shaped function of FWHM 1.76 7.

In a digital optical communication system, a soliton of width 7y much smaller than
the bit interval T" represents bit “1,” while bit “0” is represented by the absence of a
soliton. This is necessarily a return-to-zero (RZ) modulation format,

Saoliton communication systems are neither attenuation-limited nor dispersion-
limited. Instead, they are limited by nonlinear intersymbol interference that occurs as a
result of the nonlinear interaction between the tails of solitons representing neighboring
bits. For example, when two identical solitons separated by the bit interval 7" travel a
sufficiently long distance through the same fiber, they eventually collapse and merge
into a single pulse, which subsequently separates back into the original two pulses.
As mentioned in Sec. 22.5B, this process is repeated periodically with a period [see
(22.5-32)}

Ly, = ne?z, (24.2-17)
where 7 = T /7y is the ratio of the separation to the soliton width and 22y = —73 /3" =
2meaté [ A2 D, is the fiber dispersion distance.

The period L, increases exponentially with the ratio ». If » > 1, ie,, if the bit
interval T is much greater than the soliton width , then L, can be made much longer
than zo. If the fiber length L is much smaller than L,, then the interaction between
neighboring bits is minimal. For a fixed ratio r, the condition L < I, may be written
in terms of the bit rate By = 1/T as

wle, ef?

/\gD,\ 7‘2 '

LB < (24.2-18)

This places a limit on the ultimate distances and transmission rates allowed.

EXAMPLE 24.2-1. Soliton Communication System. A soliton communication system
transmits data at 10 Gb/s through a single-mode dispersion-shified fiber at Ap = 1550 nm using
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10-ps (FWHM) soliton pulses. At this wavelength, the dispersion coefficient Dy= | ps/nm-km
and the nontinear coefficient n, = 2.6 x 107%" m®/W. The fiber effective cross-seetional area is
A = 60 jan?. We proceed 10 determine the source optical power and the maximum length of the
link.

The 10-ps FWHM pulse width corresponds to a time constant 7 = 10/1.76 = 5.7 ps, To satisfy
the soliton condition (24.2-16), the peak intensity is [ = 3.75 x 108 W/m®, corresponding to a
peak power fn Ay = 22.5 mW, which must be delivered by the source. The fiber dispersion distance
2o = (2rea/AE)rE Dy 7= 25 km.

Sinu. the bitinterval T = 1/8, = 100 ps, the ratio r = T’/ = 7.6, and the interaction period
given in (24.2-17yis L, = 2.1 % 10% 2. The fiber length must be much shorter than this length. In
this example, {24.2-18) provides LBE < 26 (Tb/s)* km.

24.3 MODULATION AND MULTIPLEXING

A. Modulation

Optical communication systems are classified in accordance with the optical variable
modulated by the transmitted signal. Two principal types are used: field modulation
and intensity modulation.

Field modulation. The field of a monochromatic optical wave serves as a sinusoidal
carrier of very high frequency (200 THz at A, = 1500 nm, for example). In amplitude
modulation (AM), phase modulation (PM), and frequency modulation (FM) systems,
the amplitude, phase, or frequency is varied in proportionality to the signal (Fig, 24.3-
1). Because of the extremely high frequency of the optical carrier, a very wide spectral
band is available, and large amounts of information can, in principle, be transmitted,
Although modulation of the optical field is an obvious extension of conventional radio
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and microwave communication systems to the optical band, it is rather difficult to
implement, for several reasons:

® [t requires a source whose amplitude, frequency, and phase are stable and free
from fluctuations, i.e., a highly coherent laser.

w Direct modulation of the phase or frequency of the laser is usually difficult to
implement. An external modulator using the electro-optic effect, for example,
may be necessary.

m Because of the assumed high degree of coherence of the source, multimode fibers
exhibit large modal noise; a single-mode fiber is therefore necessary.

m Unless a polarization-maintaining fiber is used, a mechanism for monitoring and
controlling the polarization is needed.

® The receiver must be capable of measuring the magnitude and phase of the optical
ficld. This is usually accomplished by use of a heterodyne detection system.
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Because of the requirement of coherence, optical communication systems using
field modulation are called coherent communication systems. These systems are
discussed in Sec. 24.5.

Intensity modulation. In an intensity modulation system, the optical intensity (or
power) is proportional to the signal, or a coded version thereof, as illustrated in
Fig. 24.3-2). The majority of commercial fiber communication systems at present use
intensity modulation. The power of the source is modulated by varying the injected
current in an LED or a laser diode. The fiber may be single-mode or multimode and the
optical power received is measured by use of a direct-detection receiver. The high-
frequency optical field oscillations play no role in the modulation and demodulation;
only power is varied at the transmitter and detected at the receiver. However, the
wavelength of light may be used to identify different signals traveling through the
same link — a process known as wavelength division multiplexing (WDM).

Signal
7/_%@(7 | Modulator |-
Optical intensity
I Figure 24.3-2 Intensity modula-

1 tion,

Modulation format. Once the modulation variable is chosen (intensity, frequency,
or phase), any of the conventional modulation formats (analog, pulse, or digital) can
be used. An important example is pulse code modulation (PCM). In PCM the analog
signal is sampled periodically at an appropriate rate and the samples are quantized to
a discrete finite number of levels, cach of which is binary coded and transmitted in
the form of a sequence of hinary hits, 1™ and “0,” represented by pulses transmitied
within the time interval between two adjacent samples (Fig. 24.3-3).
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Figure 24.3-3  An example of PCM. A 4-kHz voice signal is sumpled at a rate of 8 x 107 samples
per second. Each sample is quantized to 2% = 256 levels and represented by 8 bits, so that the signal
is a sequence of bits transmitted at a rate of 64 kby/s,

If intensity modulation is adopted, each bit is represented by the presence or absence
of a pulse of light. This type of modulation is called ON-OFF keying (OOK). For
frequency or phase modulation, the bits are represented by two values of frequency
or phase. The modulation is then known as frequency shift keying (FSK) or phase
shift keying (PSK). These modulation schemes are illustrated in Fig. 24.3-4, It is
also possible to modulate the intensity of light with a harmonic function serving as
a subcarrier whose amplitude, frequency, or phase is modulated by the signal (in the
AM, FM, PM, FSK, or PSK format).
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Figure 24.3-4 Examples of binary modulation of light; (¢) ON-OFF keying intensity modulation
{OQOK/IMY; (1) frequency shift keying (FSK) and phase shift keying (PSK) ficld modulation.
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B. Multiplexing

Multiplexing enables the transmission and retrieval of mere than one signal through
the same communication link, as illustrated in Fig. 24.3-5. This is accomplished by
marking each signal with a distinct physical label or a code that may be identified at
the receiver.
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Figure 24.3-5 Transmission of N signals
i F through the same channel by use of a multi-
o TR plexer (MUX) and demultiplexer (DMUX).

There are three standard multiplexing systems: frequency-division multiplex-
ing, (FDM), time-division multiplexing (TDM), and code-division multiplexing
(CDM).

FDM. In FDM, carriers of distinct frequencies are modulated by the different signals.
At the receiver, the signals are identified by the use of filters tuned to the carrier
frequencies, as illustrated in Fig. 24.3-6(a).

Signal | 2 Signal 1 2 ... N2 2 ...
fi =1 fu  frequency [ Frame | | Frame 2 | Frame 3 time
(u} FDM (5) TDM

Figure 24.3-6 (a) In frequency-division multiplexing (FDM). a spectral band centered about o
distinet frequency is allocated (o cach signal. (B) In time-division multiplexing, a sequence of time
slots is allocated 1o each signal. The time slots of different signals are interleaved.

TDM. In TDM, data is transmitted in a sequence of time frames, each with a set of
time slots allocated to bits or bytes of the different signals, as illustrated in Fig. 24.3-
6(h). These bits must be synchronized to the same clock. At the receiver, each signal is
identified by its location within the frame. An example of a hierarchical TDM system
is the T-system illustrated in Fig. 24.3-7,
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4 kb/s

Figure 24.3-7 The T-system. A set of 24 4-kb/s signals are multiplexed by a TDM penerating a
T1 composite signal at 1,544 Mb/s. Four such signals are multiplexed 1o generate a T2 signal, and so
on,

CDM. In CDM, each signal is assigned a code (or key) in the form of a unique
function of time defined within the bit period. The code can be a sequence of onefzere
bits at a much higher rate than that of the original data. Codes of different signals must
be uncorrelated (orthogonal) so that they can be separated at the receiver by use of a
correlator. In one encoding scheme, shown in Fig. 24.3-8, each bit “1" of the original
data is replaced with the code sequence. Each receiver correlates its own code with the
received signal. This locks it to only the bits associated with its own code, disregarding
all other bits.
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! X Figure 24.3-8 CDM encoding.

Multiplexing mmay be electronic or optical. In electronic multiplexing, the signals
are multplexed (FDM or TDM) to generate a composite electronic signal that is used
to modulate the light source in any of the optical modulation schemes discussed in
Sec, 24.3A. For example, an FDM electronic signal may be generated by use of a
set of carrier frequencies, called “subcarriers,” to modulate the intensity of the light
source (IM modulation). At the receiver, the light is detected and the demultiplexing is
accomplished by use of electronic filters. Another example is a TDM clectronic signal,
such as the T4 signal shown in Fig. 24.3-7, used to intensity modulate the light source;
the demultiplexing of the detected signal is accomplished electronically.

In optical multiplexing, the labels distinguishing the multiplexed signals are optical
in nature. For example, in optical FDM, different optical frequencies are used as the
carriers of the various signals. These frequencies are separated at the receiver by use
of optical filters.

When the frequencies of the carriers in optical FDM are widely spaced (say, greater
than 20 GHz) this form of optical FDM has become known as wavelength-division
muitiplexing (WDM), WDM systems are popular since they can be used to expand
the capacity of an existing fiher network without laying more fiher.

C. Wavelength-Division Multiplexing (WDM)

A WDM system uses light sources of different wavelengths, each intensity modulated
by a different electrical signal. The modulated light beams are mixed into the fiber
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using an optical multiplexer (OMUX). Demultiplexing is implemented at the receiver
end by use of an optical demultiplexer (ODMUX), which separates the different wave-
lengths and directs them to different detectors. Optical multiplexers and demultiplexers
are described in Sec. 23.2A. The electronie signal associated with cach wavelength is
often an electronically multiplexed set of other signals, and electronic demultiplexing
is then necessary at the receiver end. The overall system is illustrated in Fig. 24.3-9.
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Figure 24.3-9  Wavelength division multiplexing (WDM).

The spectral bands used in modern optical fiber communication systems are shown
in Fig. 24.3-10, along with the attenuation of silica-glass fibers. WDM systems use any
combination of wavelengths within these bands. The spacing between the wavelengths
of the different channels must be sufficiently greater than the spectral widths of the
modulated light in each channel, which is determined by the linewidth of the light
sources, and also by the spectral widths of the data carried by the channel. The channel
spacing must also be sufficiently large to permit optical multiplexing and demultiplex-
ing with minimal crosstalk.
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Figure 24.3-10 A 40-channel WDM system in the C spectral band, where fiber attenuation is
minimal. The channel spacing is 100 GHz.

WDM systems are classified into two categories, coarse and dense, depending on
the number of channels and the channel spacing.

Coarse WDM (CWDM) systems use a few channels with widely spaced wave-
lengths (20 nm or more). An example is a system with two wavelengths, one at 1310 nm
and another at 1550 nm. CWDM is used in cable television networks, wherein different
wavelengths are used [or the downstream and vpstream signals. The Ethernet LX-4
physical layer standard is another example in which four wavelengths near 1310 nm
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are used, each carrying a 3.125 Gb/s data stream. Metropolitan networks use CWDM
systems with a 20 nm wavelength spacing.

Dense WDM (DWDM) systems have a large number of channels (generally more
than 8) with closely spaced wavelengths. At a wavelength of 1550 nm in the C band,
a frequency spacing Awr = 200 GHz corresponds to a wavelength spacing AA =
(A2/e,)Ar = 1.6 nm. DWDM systems use channel spacings as small as 50 GHz
or even 25 GHz, corresponding to wavelength spacings of 0.4 nm and 0.2 nm, respec-
tively. As shown in Fig. 24.3-10, the width of the C band is 35 nm, or approximately 4.4
THz. This can accommodate 40 channels with a 100-GHz (0.8 nm) spacing. DWDM
tends to be used at a higher level (and higher data rates) in the communications hierar-
chy, for example, on the Internet backbone. Design of DWDM systems is significantly
more difficult than CWDM because the lasers need to be significantly more stable, and
precision temperature control is often required to prevent wavelength drift.

24.4 FIBER-OPTIC NETWORKS

A communication network comprises a set of communication links connecting mul-
tiple users (terminals) distributed within some geographical arca. Messages or data
may be passed from one terminal to another by transmission through one or several
links along paths controlled by routers and switches. A local-area network (1LAN),
for example, connects terminals such as computers, printers, video monitors, or faxing
and copying machines in a restricted region such as a building, a campus, or a manufac-
turing plant. Larger networks include the telephone network, the global Telex network,
and the Internet. The network may use electrical cables, optical fibers, or satellite links,
Fiber-optic networks use fiber-optic links together with electronic or optical routers and
switches (see Chapter 23).

A. Network Topologies and Multiple Access

A network of N nodes may be constructed by use of a dedicated point-to-point link
between each node and all other nodes. This requires N (/N — 1) duplex (i.e., bidi-
rectional) point-to-point links, and employs 2N (/N — 1) wransmitters and 2N {N — 1)
receivers.

Topologics using fewer point-to-point links, and fewer transmitiers and receivers,
include the bus, the star, and the ring lopologies, illustrated in Fig. 24.4-1, as well as
a system for accessing the shared links. In these networks, only N transmitters and

u?\_ /‘x y--w--a-- -y

[ {:\ngil'[ r

% »

(a) Star (b} Ring

() Mesh

Figure 24.4-1 Network topologies: () star, (b} bus, (¢} ring, and () mesh,

N receivers are necessary. In the star network, each node is connected to all other
nodes via the star coupler at the center of the network; power transmitted by one node
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is distributed equally among the other nodes. In the bus and ring networks, the fiber
passes through the nodes, and data may be extracted from, or added to, the optical
signal by any node. Since light transmitted by each node travels different distances
to different nodes, the receivers must be able 10 process received power at various
levels, i.e., must have a large dynamic range. A more general configuration is the mesh
network.

Several networks of the same or different topelogies are often connected to create a
larger network, as illustrated by the example in Fig. 24.4-2,

Central office

Backbone |
Ring |
3

e
o

Figure 24.4-2 A network comprised of ring
and bus subnetworks connected by digital cross-
connects (XC) at central offices. Backbone ring
networks carry heavier traffic and feed access
networks.

Interface

The interface between the terminal and the fiber network at each node includes a
receiver, & transmitter and an electronic add-drop muitiplexer (ADM), as illustrated in
Fig. 24.4-3(a). The receiver detecls the optical signal, and the ADM extracts data and
adds new data that modulate a source and transmit a new optical signal through anotber
fiber. Such interface is said 10 be opague since the light is detected and regenerated at
the node.

A transparent interface is coupled to the fiber network optically, as illustrated in
Fig. 24.4-3(b). Optical directional couplers are described in Sec. 23.1 and Sec. 23.3.
An optical interface to a bidirectional (duplex) fiber uses two directional couplers to
transmit and receive in either direction, as shown in Fig, 24.4-3(r).

() {h)

Figure 24.4-3 Interfuce hetween the node and the fiber network. (@) Opague interface. The signal
is converted from optical to electronic (O/E) and the ADM extracts data and adds new data, which
is used 1o generate a new optical signal {(E/O). (1) Optically coupled (transparent) interface using a
directional coupler. (¢) Optically coupled interface 1o a duplex fiber using two directional couplers.
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Multiple Access

The signals transmitted by the network nodes share the same liber (the medium). To
avoid confusion, a scheme for multiple access or medium access is necessary. Time-
domain, frequency-domain, and code-domain multiple access systems are in use:

= Time-division multiple access (TBMA) is similar to time-division multiplexing
(TDM), which is used in conventional point-to-point communication systems
(see Sec. 24.3B). The nodes send their data through the shared medium during
interleaved time slots. Buffers may be used to store data until the appropriate
time. Since it is not possible to synchronize the timing of all nodes, guard times
separating consecutive slots are necessary.

s Frequency-division multiple access (FDMA) is similar to (requency-division
multiplexing (FDM) (see Sec. 24.3B). Here, the nodes send their data through
the shared medium in preassigned spectral bands, and there is no need to
synchronize the bit clocks of the input signals. In optical networks, FDMA is
called wavelength-division multiple access (WDMA) and is the counterpart to
wavelength-division multiplexing (WDM).

s Code-division multiple access (CDMA) is similar to code-division muliiplexing
(CDM) (see Sec. 24.3B). In CDMA, each node is preassigned a unique address
code. Data transmitted by a node is encoded with the address code of the desti-
nation node. Each node correlates its own address code with the incoming signal.
This locks it to only the bits associated with its own address, disregarding all
other bits. The data come in a sequence of packets each with the address of its
destination (see Sec. 23.3F).

Synchronous Optical Network (SONET)

SONET [and its international version, the Synchronous Digital Hierarchy (SDH)] is a
TDM standard for transmission over optical fibers. It addresses the difficulty of time-
division multiplexing of signals with slightly different clock rates by embedding these
signals within frames of longer duration. The payload (the signal bits) are allowed to
float within the frames, but the frames are perfectly synchrenous. SONET provides a
hierarchy of multiplexed signals in which the basic unit, known as the STS-1 signal or
the optical carrier-1 (OC-1), transports data at 51.84 Mb/s. Combining IV such signals
generates the OC-N signal, which has an N times greater rate, as listed in Table 24.4-
1. For example, OC-192 and OC-768 operate at approximately 10 Gb/s and 40 Gb/s,
respectively.

Table 24.4-1  Transmission rates (Mb/s) in the STS hicrarchy used in the SONET network.

0C-1 0C-3 0cC-12 0OC-24 OC-48 OC-192 OC-768

51.84 155.52 622.08 1,244.16 2,488.32 9,995.33 39.813.12
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EXAMPLE 24.4-1. Ring Network.

An example of a fiber-optic 4-node ring network
operating at different data rates is shown in
Fig. 24.4-4. Each of the four nodes transmits diata
10 the other three nodes at either the OC-12 (2= 622
Mb/s) or the OC-24 (== 1.24 Gb/s) rate, as shown,
The liber segment connecting nades | and 2 carries
the heaviest traffic at a combined rate OC-12+40C-
12+40C-24 = OC-48 (= 2.5 Gb/s). The 2-3 and
34 segments carry lighter combined traflic at the
OC-24 rate.

Figure 24.4-4 A 4-node ring network,

B. Wavelength-Division Multiplexing (WDM) Networks

A wavelength-division multiplexing (WDM) fiber-optic network uses coarse or dense
WDM for communication along its links and WDMA for medium access. The nodes
are connected in some topology (e.g., star, ring, bus, or mesh), and each node transmits
into one or several wavelength channels and receives from one or several wavelength
channels. The existence of multiple wavelength channels for each physical connection
adds another dimension to the network and offers some flexibility, at the expense of
some complexity.

Broadcast-and-Select WDM Network

The simplest WDM network is the broadcast-and-select network. Each node trans-
mits at a unique fixed wavelength and broadcasts its transmission to all other nodes
via a passive optical couplers. The receiver in each node selects the one wavelength
addressed to it by use of a tunable filter. As an example, in the 5-node network shown in
Fig. 24.4-5(a), nodes 1,2, -+ -, 5 transmit at wavelengths A;, Ay, - - -, As, respectively.
An optical star coupler broadcasts each transmission to all other podes. In the shown
state, for example, node 1 is tuned to channel Ag; nodes 2, 3, and 4 are tuned to channel
A1; and node 5 is tuned to channel Ay. As illustrated in the equivalent connection
diagram in Fig. 24.4-5(b), node 2 transmits to node 5, node 5 transmits to node 1,
and node | multicasts its transmission to nodes 2, 3, and 4.

(a) (] Figure 24.4-5 A WDM broadcast-and-
select network (a) and jts equivalent logical
connections (B).

In ancther example, shown in Fig. 24.4-6(e), the receiver of each node is tuned to
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the wavelength transmitted by its next neighbor. Thus, the network, which has a star
physical topology, is equivalent to a ring logical topology, as illustrated in Fig. 24.4-6
(b).

Figure 24.4-6 A WDM network in s star
physical topology (a) is equivalent 1o the ring
a} L logical topulogy (h).

The network changes its state, i.e., the wavelengths to which each node is tuned, as
desired. Dynamic coordination is required in order to avoid conflict and collisions.

Multi-Hop Broadcast-and-Select WDM Network

The requirement that each of the nodes of the broadcast-and-select network be capable
of selectively detecting any of the wavelengths transmitted by the other nodes can
be demanding. This requirement is alleviated in a multi-hop network, for which each
node is allocated two different wavelength channels for transmission and only two
different channels for reception. At any time, a node may transmit at one of its two
allocated wavelengths and may receive by tuning to one its two allocated wavelengths.
The channels are allocated to the nodes in such a way that & node may access any other
node by following either a single-hop (i.e., direct) connection or a two-hop connection
via an intermediate node, For example, in the network shown in Fig. 24.4-7(a), node
2 can transmit to node | directly via channel A3, Although node 1 cannot transmit to
node 2 dircctly, since they share no common wavelength, this transmission may occur
in two hops: node | transmits to node 3 on the Ay channel, and node 3 subsequently
transmits to node 2 on the Ag channel. This configuration is therefore called the multi-
hop broadcast-and-select network.

X
() €3] ()

Figure 24.4-7 () A WDM multi-hop broadcast-and-select network. (by A two-hop conncction
from node 1 to node 2 via node 3. (¢} Logical topology of the network.

The broadcast-and-select configuration, single-hop or multi-hop. is not suitable for
networks with large number of nodes. Since the power ransmitted by each node must
reach all other nodes, the system becomes inefficient for a large number of nodes.
Also the number of channels used, which must equal or exceed the number of nodes,
becomes prohibitive for large networks.
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Wavelength-Routed Networks

In 2 wavelength-routed network, a pair of nodes communicates by use of one of the
wavelength channels following some connection path. Another pair of nodes may use
the same wavelength channel if their connection path does not share a common link
with the path of the first pair. For example, in the network shown in Fig. 24.4-8(a),
nodes 1 and 2 communicate on channel X, and so do nodes 2 and 3. However, nodes
1 and 3 must use a different wavelength X, if they use the path connecting them via
node 2. Similarly, nodes 4 and 1 communicate via a third channel A3 since their path
contains links that use the A; and Ay channels.

In this network, each link carries one or more wavelengths (but not necessarily all
of the wavelengths, as is the case in the broadcast-and-select network). For example,
the link between nodes 4 and 5 carries traffic at three wavelength channels, but each
of the other four links carry only two channels. Also, each node transmits and receives
data at one or more wavelengths. For example, node 5 receives data from node 4 at A
and from node 3 at Ay; it transmits data to node 1 at Ay; data carried by channel Ay pass
through this node without being detected. The logical connections in this network are
shown in Fig. 24.4-8(1).

(c)

Figure 24.4-8 (n) A 5-node 3-channel wavelength-routed ring network. () Tts logical topology.
() An optical-add-drop multiplexer (OADM) used at node 5.

The key compenent in a wavelength-routed WDM network is the optical add-drop
multiplexer (OADM) (see Sec. 23.2A). Each node has an OADM that extracts (drops)
data from certain wavelength channels on the incoming fiber, adds data to certain
channels on the outgoing fiber, and lets data on certain channels of the incoming fiber
pass through without change to the outgoing fiber. An OADM is made of an optical
demultiplexer (ODMUX), an add-drop multiplexer {ADM), and an optical multiplexer
(OMUX). As an example, the OADM used in node 5 of the network in Fig. 24.4-8(a)
is shown in Fig. 24.4-8(c). Agile networks use reconfigurable OADMSs (denoted by the
acronym ROADM).

Wavelength-routed networks with configurations other than the ring configuration
have nodes with multiple incoming and outgoing fibers. At these nodes, more complex
routers are necessary. For example, a node with two incoming and two outgoing fibers,
as shown in Fig. 24.4-9, employs an optical cross-connect (OXC) that receives data
from selected incoming fibers/channels, adds data to selected outgoing fibers/channels,
and routes data on selected incoming channels to selected outgoing channels. The
OXC uses multidimensional space-demain wavelength-domain switches and ADMs
{see Sec. 23.3D). A wavelength-routed network also uses a hub node which uses a
server to process data at all wavelength channels,
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Figure 24.4-9 An optical cross-connect
(OXC) at a node with two incoming and two
outgoing fibers, cach with four wavelength
channels.

EXAMPLE 24.4-2. WDM Upgrade of a Ring.
Network.

A d-node wavelength-routed WDM ring network
operates al 3 channels of wavelenpth Xy, Ay, and
Ay at the rates shown in Fig. 24.4-10. This network
is an upgraded version of the network in Fig. 24.4-
4. Nodes | and 3 access the wavelengths A; and
As: node 4 accesses the wavelengths Ay and Ay
and node 2 accesses all three wavelengths. In the
upgraded network, the nodes communicate at twice
the rates of the original network, but the highest
rate in any of the WDM channels does not exceed
that of the original network. The fiber segment
connecting nodes | and 2 carries the heaviest traffic
at a combined OC-96 rate (= 5 Gb/s), but the highest
rate al any given wavelength is OC-48 (== 2.5 Gb/s).

Figure 24.4-10 A schematic of a 4-node
3-channel WM ring network.

24.5 COHERENT OPTICAL COMMUNICATIONS

Coherent optical communication systems use field modulation (amplitude, phase, or
frequency) instead of intensity modulation. They employ coherent light sources, single-
mode fibers, and heterodyne receivers. [n this section we examine the principles of
operation of these systems, determine their performance advantage, and briefly discuss
the requirements on the components of the system.

Heterodyne and Homodyne Receivers

Photodetectors are responsive to the photon flux and, as such, are insensitive to the
optical phase. It is possible, however, to measure the complex amplitude (both mag-
nitude and phase) of the signal optical field by mixing it with a coherent reference
optical field of stable phase, called the local oscillator, and detecting the superposition
using a photodetector, as illustrated in Fig. 24.5-1. As a result of interference (beating)
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between the two fields, the detected electric current contains information about both
the amplitude and phase of the signal field.

This detection technique is called optical heterodyning, optical mixing, pho-
tomixing, light beating (see Sec. 2.6B), or coherent optical detection (us opposed
to direct detection. The coherent optical receiver is the optical equivalent of a
superheterodyne radio receiver, The signal and local-oscillator waves usually have
different frequencies (1, and 1), When w, = v, the detector is said to be a homodyne
detector.

Let £, = Re{ A exp(j2mist)}} be the signal optical field, with A, = | A, exp(jis)
its complex amplitude and w, its frequency. The magnitude |A4] or the phase o, are
modulated with the signal at a rate much slower than v,. The local oscillator field is
described similarly by &£, A, v, and . The two fields are mixed using a beam-
splitter or an optical coupler, as illustrated in Fig. 24.5-1. If the incident fields are
perfectly paralle]l plane waves and have precisely the same polarization, the spatial
dependence may be suppressed and the total field is the sum of the two constituent
fields & = &, ++ E;,. Taking the absolute square of the sum of the complex waves, we
obtain

| Ac exp(y2ruat) + Ay exp(§2rvpt)|?
= [Auf? + 1AL + 2 AJ| AL  cos{2m(vy — v )L+ (9 — pr)]. (24.5-1)

Since the intensities I, I;, and I are proportional to the absolute-square values of the
complex amplitudes,

I =1+ I+ 2 LI cos2rupt + (. — 1), (24.5-2)

where vy = 1, — ty, is the difference frequency (also called the intermediate fre-
quency).

Signal: v Beamsplitter photodetector Photodetector
Detected Signal: e o 0 ﬁ Detected
- — " Joum b
signatl: 1y = v signal: 7y
e
LoCi] et T
oscillator: 1 Coupler
Laocal -
oscillator: v (@) (b

Figure 24.5-1 Optical heterodyne detection. A signal wave of frequency i, is mixed with a local
oscillator wave of frequency 14, using (a) a beamsplitter, and (b an optical coupler. The photocurrent
varies at the frequency difference ¢ = w, = vy,

The optical power P collected by the photodetector is the product of the intensity
and the detector area, so that

P=P,+ P; 4+ 2/P.Py cos2mmt + (. — o1}, (24.5-3)

where P, and Py, are the powers of the signal and the local oscillator beams, respec-
tively. The third term of (24.5-3) varies with time at the difference frequency v with
a phase ., — . If the signal and local oscillator beams are close in frequency, their
difference v can he many orders of magnitude smaller than the individual frequencies,

Misalignment between the directions of the two waves reduces or washes out the
interference term [the third term of (24.5-3)], since the phase @, — oy, then varies
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sinusoidally with position within the area of the detector. As is readily understood
from Fig. 2.5-4, this can be avoided by keeping the angle @ between the wavefronts
sufficiently small, such that & < A/a where a is the size of the pholodetector aperture.

The photocurrent ¢ generated in a semiconductor photon detector is proportional to
the incident photon flux @ (see Sec. 18.1B). When v; is much smaller than v, and vy,
the superposed light is quasi-monochromatic and the total photon flux & = P/hT is
proportional te the optical power, where 7 = %(r/s + t1,). The mean photocurrent is
therefore 7 = ned = {1 e/h)P, where e is the electron charge and n the detector’s
quantum efficiency, so that

1=+ i + 2V 0s0 cos[2mqt + (405 — (p,r,)], (24.5-4)
where 7, = I[(!P,,-/hﬁ and 7;, = l[(*P/‘/hB are the photocurrents cenerated by the

signal and local oscillator individually. The local oscillator is usually much stronger
than the signal, so that the first term in (24.5-4) is negligible and

TR T+ 250 cos[‘lwuﬂ + (s — (,oL)]. (24.5-5)
Photomixing
Current

The time dependence of the detected current 2 is sketched in Fig. 24.5-2(a). The
second term in (24.5-5), which oscillates at the difference frequency vy, carries the
useful information, With knowledge of 7;, and ;,, the amplitude and phase of this
term can be determined, and 7, and ¢, estimated, from which the intensity and phase
(and hence the complex amplitude) of the measured optical signal can be inferred. The
information-containing signal variables 7, or . are usually slowly varying functions of
time in comparison with the difference frequency vy, so they act as slow modulations
of the amplitude and the phase of the harmonic function 2,/7; cos(2mit — ¢y).
This amplitude- and phase-modulated current can be demodulated by drawing on the
conventional techniques used in AM and FM radio receivers.

b

e ]

¢ i
Figure 24.5-2 (a) Photocurrent generated by the heterodyne detector. The envelope and phase of
the time-varying compuonent carries complete information about the complex amplitude of the optical
field representing the signal. (&) Photocurrent generated by the homodyne detector.

From a photon-optics point of view, this process can he understood in terms of the
detection of polychromatic (two-frequency) photons (see Prob. 12.1-11}.

The homodyne system is a special case of the heterodyne system for which v, = 1
and v; = . The demodulation process is different. A phase-locked loop is used to lock
the phase of the local oscillator so that @y, = 0 and (24.5-5) yields

T =15, + 2v/ 747y, COS 0. (24.5-6)

Amplitude and phase modulation is achieved by varying 7, and @, respectively.
B 1y teh I
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Advantages of Heterodyne/Homodyne Receivers
In comparison with the direct-detection receiver, the heterodyne receiver has the fol-
lowing advantages:

= |1 is capable of measuring the optical phase and frequency.

& [ permits the use of wavelength-division multiplexing (WDM) with smaller chan-
nel spacing (= 100 MHz). In conventional direct-detection systems the channel
spacing is of the order of 100 GHz.

s [t permits the use of electronic equalization to compensate for pulse broadening
in the fiber. Pulse broadening is a result of the dephasing of the different wave-
length/frequency components because of differences in group velocities. Since the
receiver monitors the phase, this dephasing may be removed by proper electronic
filtering,

= By use of a strong reference field, the heterodyne receiver has an inherent noise-
less gain conversion factor that effectively amplifies the signal above the circuit
noise level.

m |t provides a 3-dB SNR advantage over even the noiseless direct-detection re-
ceiver, as shown in Sec. 24.5.

® It is insensitive to unwanted background light with which the local oscillator does
not mix. Heterodyning is one of the few ways of attaining photon-noise-limited
detection in the infrared, where background noise is so prevalent,

The cost of these advantages is an increase in the system’s complexity since hetero-
dyning requires a stable local oscillator, an optical coupler in which the mixed fields
are precisely aligned, and complex circuits for phase locking.

Coherent Systems

An essential condition for the proper mixing of the local oscillator field and the re-
ceived optical field is that they must be locked in phase, be parallel, and have the
same polarization in order to permit interference o take place. This places stringent
requirements on the two lasers and on the fiber. The lasers must be single-frequency
and have minimal phase and intensity fluctuations. The local oscillator is phase-locked
to the received optical field by means of a control system that adjusts the phase and fre-
quency of the local oscillator adaptively (using a phase-locked loop). The fiber must be
single-mode (to avoid modal noise). The fiber must also be polarization-maintaining,
or the receiver must contain an adaptive polarization-compensation system.

A schematic diagram of a coherent optical tiber communication system using two
lasers and phase medulation is shown in Fig. 24.5-3. The local oscillator field is mixed
with the received optical field using an optical directional coupler. One branch of the
coupler output contains the sum of the two optical fields and the other branch contains
the difference. Using (24.5-4), the detected currents

1y =I5 + 11, & 23 057, cos[2met + (s — 1)) 24.5-7)

are subtracted electronically, yielding 4/%.2;, cos[2muit + (e — o1 )], which is demod-
ulated to recover the message. This type of coherent receiver is known as a balanced
mixer. It has the advantage of canceling out intensity fluctuations of the local oscillator,

A number of coherent optical fiber communication systems have been implemented
at A, = 1550 nm (where fiber attenuation is minimal) with bit-rate—distance products
matching theoretical expectations. One example is provided by a system operating
at a bit rate = 4 Gb/s. A DFB laser with a 15-MHz CW linewidth was directly
modulated in an FSK signal format. The local oscillator was a tunable DBR laser (see
Sec. 17.3C). This system exhibited a receiver sensitivity = 190 photons/bit and was
used for transmission over a 160-km length of fiber.
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Figure 24.5-3 Coherent optical fiber communication system.

* Performance of Analog Coherent Communication Systems
Heterodyne detection is necessary whenever the phase of the optical field is to be
measured. However, heterodyne detection can also be useful for measuring the optical
intensity since it provides gain through the presence of the strong local oscillator.
As such, it offers an alternative to both optical amplification (see Chapter 14 and
Sec. 17.2) and APD amplification (see Sec. 18.4). This can provide a signal-to-noise
ratio advantage over direct detection, as we show in this section,

The mean pbetocurrent 7 generated by a photodiode is accompanied by noise of
variance

a? = 2eiB + ¥, (24.5-8)

where I3 is the receiver’s bandwidth; the first term is due to photon noise and the
second represents circuit noise (see Sec. 18.6). The intensity of the local oscillator can
be made sufficiently large so that even if the signal is weak, the total current 7 is such
that the circuit noise @ is negligible in comparison with the photon noise 2eif3.

Assuming that 7;, 3 7, and 2¢3;, B > o, we use (24.5-5) and approximate (24.5-8)
by

&

77 1y, + 2v/ 1,57y, cos|2mupt 4+ (s - L)) (24.5-92)

of = 2e2;, B. (24.5-9h)
In the case of amplitude modulation, the signal is represented by the RMS value of the
sinusoidal waveform in (24.5-9a), with the phase ignored. The electrical signal power
is therefore %[2\/ uH_]J = 21,2, and the noise power is &7 = 2e2, I3, so that the power
signal-to-noise ratio is

P T

SNR = = —
2e1, B3 eD

(24.5-1()

If m = #/2Be is the mean number of photoelectrons counted in the reselution time
interval T = 1/25, then

SNR = 2m. (24.5-11)
Signal-to-Noise Ratic
Heterodyne Receiver

In comparison, the SNR of the direct-detection photodiode receiver measuring the
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same signal current z, without the benefit of heterodyning is

) ==

27 m
SNR = L = — s 24.5-12
2¢i,B+0? MM+og ( )

where n"* = (o,/28¢)? is the circuit-noise parameter discussed in Sec. 18.6C. The
pnnupal advantage of 1hc heterodyne system is now apparent. For strong light or low
circuit noise (M > o ) the direct-detection result is SNR = 1. The heterodyne
receiver, which yields .‘)l\R = 2m, offers a factor-of-2 improvement (3-dB advantage).
But for weak light (or idlg,e circuit noise) the advantage can be even more substantial,
since the heterodyne receiver has SNR = 2, whereas the SNR of the direct-detection
receiver is reduced by circuit noise to SNR = M /(1 + o2/m).

The performance of a direct-detection avalanche photodmde receiver is also inferior
to that of a heterodyne photodiode receiver. In accordance with (18.6-36), the SNR
obtained when the APD gain is sufficiently large to overcome circuit noise is

SNR =

”J[Sl

(24.5-13)

where F is the APD excess noise factor (F > 1). Therefore, even a noiseless APD
receiver (F = 1) is a factor of 2 inferior to the heterodyne receiver.

* Performance of Digital Coherent Communication Systems
In this section the performance and sensitivity of a digital coherent communication
system are determined in the cases of amplitude and phase modulation.

ON-OFF keying (OOK) homodyne system. Consider an ON-OFF keying (OOK)
system transmitting data at a rate f3; bits/s and using a homodyne receiver. Bits “1”
and “0” are represented by the presence and absence of the signal 2, during the bit time
T = 1/18y, respectively. Assuming that ¢, = ¢y, = 0and vy = v, — 1y, = 0, the
measured current has the following means and variances obtained from (24.5-94) and
(24.5-9b):

mean joy == 1g, + 24/ 1515, variance of 2e3 lorbit*1”
(24.5-14)

mean jg = iy, variance o3 =2 27eld  for bit “0

The receiver bandwidth 3 = By/2 since the bit time T = 1/5, is the sampling time
1/2 B for a signal of bandwidth 3.

The performance of the binary communication system under the Gaussian approx-
imation has been discussed in Sec. sec22-4. The bit error rate is given by (18.6-35),
where

H — fio Ty —
Q=——= =V m 24.5-15
) ay + 7 2el? ; ( )

and M = 1,/2¢83 is the mean number of detected photoelectrons in bit 1. For a bit

error rate BER = 10°%,Q = 6 and therefore T = 36, corresponding to a receiver

sensitivity m, = l = 18 photoelectrons per bit (av emg,ed over both bits).
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Table 24.5-1 Receiver sensitivity for different receivers and modulation systems under ideal
conditions (photons per hit).

Direct Detection Homodyne Heterodyne
00K 10 IR 6
PSK —_ 9 18
FSK - — 36

Phase-shift-keying (PSK) homodyne system. Here, bits “1'" and "0 are repre-
sented by a phase shift ¢, = 0 and 7, respectively. Assuming that ¢;, = 0, the means
and variances of the photocurrent for bits 17" and “0" are, from (24.5-9),

mean p; = iy, + 24/T1%,, variance o? = 2ei I3 for bit “1”
mean g = 11, — 2\/1pts, variance of = 21,3 for bit *0”
and therefore

iy~ jtn 1, ==
oo JUE PR =2 m. 5
@ oy + ag 2e3 y Gaalam

Fora BER = 107¥,Q = 6, from which m = 9. Since each of the two bits must carry
an average of nine photoelectrons in this case, the average number of photoelectrons
per bit is M, = m = 9. It follows that the receiver sensitivity is 9 photoelectrons/bit.
The PSK homodyne receiver is twice as sensitive as the OOK homodyne receiver
because it requires half the number of photoelectrons.

Comparison. The sensitivity of the heterodyne digital receiver can be determined
by following a similar analysis. Table 24.5-1 lists the receiver sensitivities of several
digital modulation systems, assuming i = 1. Although it appears that the direct-
detection OOK system has about the same performance as the best coherent system
(homodyne PSK), in practice this is not so. In the homodyne system, circuit noise
is overcome, whereas in the direct-detection system, circuit noise cannot be ignored,
unless an APD is used. When an APD is used in a direct-detection receiver, circuit
noise is overcome, but the APD gain noise raises the receiver sensitivity from 10 to
at least 10F, where F is the excess-noise factor. Direct-detection systems would have
performance comparable to coherent-detection systems if a perfect APD with [ =
(no excess noise) were available.

READING LIST

Books on Optical Fiber Communications

See also the reading lists in Chapters 8, 9, 17, 18, 22, and 23,

G. P. Agrawal, Nonlinear Fiber Optics, Academic Press, 1991, dth ed. 2006.

S. Ramachandran, Fiber-Based Dispersion Compensation, Springer-Verlag, 2006.

L N. Damask, Polarization Optics in Telecommunications, Springer-Verlag, 2005.

K.-P. Ho, Phase-Modulated Optical Commmmication Systems, Springer-Verlag, 2005.

1. C. Palais, Fiber Optic Communications, Prentice Hall, 5th cd, 2005,

A. Galtarossa and C. R. Menyuk, eds., Polarization Mode Dispersion, Springer-Verlag, 2005,

C.-E Lin, Optical Components for Communications: Principles and Applications, Springer-Verlag,
2004,



READING LIST 1118

H. Kolimbiris, Fiber Optics Conmmunications, Prentice Hall, 2004,
T. Schieider, Nonlinear Optics in Teleconmunications, Springer-Verlag, 2004,
M. Cvijetic, Optical Transmission Systems Engineering, Artech, 2004,
G. P. Agrawal, Fiber-Optic Conmunication Systems, Wiley, 3rd ed, 2002,
L P. Kaminow and T. Li, eds., Optical Fiber Telecommunications IVA: Components, Academic Press,
2002.

1. P. Kaminow and T. Li, eds., Optical Fiber Telecommunications IVB: Systems and Impairments,
Academic Press, 2002,

C. DeCusatis, ed., Fiber Opric Data Comnninication: Technological Trends and Advances, Academic
Press, 2002,

C. DeCusatis, Handbook of Fiber Optic Data Communication, Academic Press, 2nd ed, 2002.

R. L. Freeman, Fiber-Optics Systems for Telecommunications, Wiley, 2002.

E. W. Van Stryland and M. Bass, eds., Fiber Optics Handbook: Fiber, Devices, and Systems for

Optical Communications, McGraw-Hill, 2002

N. Grote and H. Venghaus, eds., Fibre Optic Communication Devices, Springer-Verlag, 2001.

D. K. Mynbaey and L.. L. Scheiner, Fiber-Optic Communications Technology. Prentice Hall, 2001.
i. Mahlke and P Gossing, Fiber Optic Cables: Fundamentals, Cable Design, System Planning,
Wiley-VCH, 4th revised and enlarged ed. 2001.

. Keiser, Optical Fiber Comnnmications, McGraw-Hill, 3rd ed. 2000.

Sabella and P. Lugli, High Speed Optical Comnumications. Kluwer, 1999,

Guekos, ed., Photonic Devices for Telecommunications: How 1o Model and Measure, Springer-

Verlag, 1999,

H. I. R. Dutton, Understanding Optical Communications, Prentice Hall, 1999,

G. Lachs, Fiber Opric Communications: Systems, Analysis, and Enhancements, McGraw-Hill, 1998,

L. P. Kaminow and T. L. Koch, eds., Optical Fiber Teleconmunications HHA: Components, Academic

Press, 1997.
I. P Kaminow and T. L. Koch, eds., Optical Fiber Telecommunications 1H1B: Systems and impair-
ments, Academic Press, 1997,

S. B. Alexander, Optical Communicartion Receiver Design, SPIE Optical Engincering Press, 1997,

L. Kazovsky, 8. Benedetto, and A. E. Willner, Optical Fiber Communication Systems, Artech, 1996.

R. M. Gagliardi and 8. Karp, Optical Conmunications, Wiley, 1976, Znd ed. 1995.

S. Ryu, Coherent Lightwave Communication Systems, Artech, 1995,

5. Shimada, ed., Coherent Lightwave Communications Technology, Chapman & Hall, 1995,

1. M. Senior, Optical Fiber Comnumications: Principles and Practice, Prentice Hall, 2nd ed. 1992,

J. E. Midwinter, Optical Fibers for Transmission, Wiley, 1979; Krieger, reissucd 1992,

S. E. Miller and 1. P. Kaminow, eds., Optical Fiber Telecommunications I, Academic Press, 1988,

C. K. Kao, Optical Fibre, Institution of Electrical Engineers, 1988,

S. D. Personick, Fiber Optics: Technology and Applications, Plenum, 1985,

C. K. Kao, Optical Fiber Systems, McGraw-Hill, 1982.

S. E. Miller und A, G, Chynoweth, eds., Optical Fiber Telecommunications, Academic Press, 1979,

B. E. A. Saleh, Photoelectron Statistics with Applications to Spectroscopy and Optical Communica-

tion, Springer-Verlag, 1978.

o®p

Books on Fiber-Optic Networks

P. R. Prucnal, ed., Optical Code Division Muliiple Access: Fundamentaly and Applications, Taylor &
Francis/CRC Press, 2006.

B. Mukherjee, Optical WM Networks, Springer-Verlag, 2006,

L. Desurvire, Wiley Survival Guide in Global Telecommunications: Broadband Access, Oprical Coni-
ponents and Networks, and Cryptography, Wiley, 2004.

E. Desurvire, Wiley Survival Guide in Global Telecommumications: Signaling Principles, Protocols,
and Wireless Systems, Wiley, 2004,

G. Bernstein, B. Rujagopalan, and D. Saha, Optical Network Control: Arcliitecture, Protocols, and
Standands, Addison-Wesley, 2004.



1120 CHAPTER 24 OPTICAL FIBER COMMUNICATIONS

D. Greenfield, The Essential Guide to Optical Netwerks, Prentice Hall, 2002.

R. 1. Bates, Optical Switching and Networking Handbook, McGraw-Hill, 2001,

A. Jukan, QoS-Based Wavelength Routing in Multi-Service WDM Networks, Springer-Verlag, 2001.

R. Ramaswami and K. N. Sivarajan, Optical Netwaorks: A Practical Perspective, Morgan Kaufmann,
2nd. ed. 2002.

M. T. Fatchi and M. Wilson, Oprical Networking with WDAM, McGraw-Hill, 2002.

C. D. Chaffee, Building the Global Fiber Optics Superhighway, Plenum, 2001,

T. E. Stern and K. Bala, Multiwavelength Optical Nerworks: A Layered Approach, Prentice Hall,
1999.

A. Bononi, Optical Networking, Springer-Verlag, 1999.

P. E. Green, Fiber Optic Networks, Prentice Hall, 1993,

Articles

Issue on optical communications, JEEE Journal of Selected Topics in Quantum Electronies, vol. 12,
no. 4, 2006.

Issue on optical communications, IEEE Journal of Selected Topics in (antum Electronics, vol. 10,
no. 2, 2004.

Millennium issue, IEEE Journal of Selecied Topics in Quantum Electronics, vol. 6, no. 6, 2000.

D. L. Begley, ed., Selected Papers on Free-Space Laser Communications fI, SPIE Optical Engineer-
ing Press (Milestone Series Volume 100), 1994,

E. G. Rawson, ed., Selected Papers on Fiber Optic Local Area Networks, SPIE Optical Engineering
Press (Milestone Series Volume 91), 1994,

L. D. Hutcheson and 8. C. Mettler, eds., Selected Papers on Fiber Optic Communications, SPIE
Optical Engincering Press (Milestone Series Volume 88), 1993,

S. F. Jacobs, Optical Heterodyne (Coherent) Detection, American Journal of Physics, vol. 56,
pp- 235-245, 1988.

P. R. Prucnal, M. A, Santoro, and T. R. Fan, Spread Spectrum Fiber Optic Local Area Network Using
Optical Processing, JEEE Journal of Lightwave Techinology, vol. LT-4, pp. 547-554, 1986.

M. C. Teich, Laser Heterodyning, Optica Acta (Journal of Modern Oprics), vol, 32, pp. 10151021,
1985.

PROBLEMS

24.1-1  Optical Fiber Systems. Discuss the validity of cach of the following statements and indi-
cale the conditions under which your conclusion is applicable.

(a) The wavelength A, = 1300 nm is preferred to A, = 870 nm for all optical fiber commu-
nication systems,

(b} The wavelength A, = 1550 nm is preferred to A, = 1300 nm for all optical fiber
communication systems.

(c) Single-mode fibers are superior to multimode fibers because they have lower attenuation
coefficients.

(d) There is no pulse spreading at A, = 1312 nm in silica-glass fibers.

(e) Compound semicenductor devices are required for optical fiber communication sys-
tems.

() APDs are noisier than p—i~n photodiodes and are therefore not useful for optical fiber
systems.

24.1-2  Components for Optical Fiber Systems. The design of an optical fiber communication
system involves many choices of sources, fibers, amplifiers, and detectors, some of which
are shown in Fig, 24.2-3. Make appropriate choices for cach of the applications listed below.
Maore than one answer may be correct. Some choices, however, may be incompatible.

(a) A transoceanic cable carrying data at a 2.5 Gb/s rate with 100-km repeater spacings.
(b) A I-m cable transmitting analog data from a sensor at 1 kHz.
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PROBLEMS 1121

{c} A link for a computer local-area network operating at 500 Mb/s.
(d) A 1-km data link operating at 100 Mb/s with £50°C temperature variations.

Performance of a Plastic Fiber Link. A short-distance low-data-rate communication sys-
tem uses a plastic fiber with attenuation coefficient 0.5 dB/m, an LED generating 1 mW at
a wavelength of 870 nm, and a photodiode with receiver sensitivity —20 dBm. Assuming a
power loss of 3 dB each at the input and output couplers, determine the maximum length of
the link. Assumne that the data rate is sufficiently low so that dispersion effects play no role.
Maximum Length of Attenuation-Limited System. An optical fiber communication link
is designed for operation at 10 Mb/s, The source is a 100-xW LED operating at §70 nm and
the fiber has an attenuation coefficient of 3.5 dB /km. The fiber is made of 1-km segments
and connectors between segments have a loss of 1 dB each. Input and output couplers each
introduce a loss of 2 dB. The safety margin is 6 dB. Two receivers are available, a Si p—i-n
photodiode receiver with sensitivity 5000 photons per hit, and a §i APD with sensitivity 125
photons per bit. Determine the receiver sensitivity p,. (dBm units) and the maximum length
of the link for each receiver.

Maximum Data Rate of Attenuvation-Limited System, A 50-km optical fiber link is
operated at a wavelength of 1550 nm. The source is a 2-mW InGaAsP laser and the fiher
has attenuation coefficient of 0.2 dB/km. Connectors and couplers introduce a total loss of
8 dB and the safety margin is 6 dB. The receiver is an InGaAs APD with a sensitivity of
1000 photons per bit for a bit crror rate of 10, Determine the maximum data rate that can
be used assuming an attenuation-limited system. If the required error rate is 107!, what is
the maximum data rate?

Maximum Length of an Analog Link. An optical fiber communication link uses intensity
modulation 1o transmil data at a bandwidth 3 = 10 MHz with a signal-to-noise ratio of
40 dB. The source is a A, = 870 nm light-emitting diode producing 100 W of average
power with a maximum modulation index of 0.5. The fiher is a mullimode step-index fiber
with an attenuation coefficient of 2.5 dB/km. The detector is an avalanche photodiode with
mean gain G = 100, excess noise factor F' = 5, and responsivily 0.5 A/W (excluding the
gain). Assuming that the circuit noise is negligible, use the theory presented in Sec. 18.6D to
calculate the optical power sensitivity of the receiver and the attenuation-limited maximum
length L of the fiber.

Time Budget for Dispersion-Limited System. A 100-km single-mode fiber link operating
at a wavelength of 1550 nm. The source is an InGaAsP Jaser diode of spectral width 0.2 nm
and response time 20 ps. The fiber has a dispersion coefficient 17 ps/km-nm. The receiver
uses an InGaAs APD and has a response time of 0.1 ns. Determine the maximum data rate
based on the criterion that the response time of the fiber does not exceed 25 % of the bit
time. Also, determine the maximum data rate using the criterion that the response time of
the overall system does not exceed 70 % of the bit time. If the a dispersion-shified fiber
is used instead, so that the dispersion eoefficient is redueed to 1 ps/km-nm, what are the
maximum data rates under the two criteria?

Number of WDM Channels. How many WDM channels fit in the C band (1530-1565 nim)
and in the O band (1260-1360 nm) if the channel spacing is 75 GHz?

Number of Nodes in a Broadcast-and-Select WDM Network. The maximum number
of nodes NV that can he used by a broadcast-and-select WDM network is often limited by
the available optical power. Determine IV for a local area network using an oplical star
coupler connected to each of the nodes by a fiber of 2-km length, 0.3 dB/km attenuation
coefficient, and 1dB of connector loss. The star coupler distributes the power equally among
its outputs and introduees an additional loss of 3 dB. Each node uses a 1-mW optical source,
the receiver sensitivity is -35 dBm, and a 5-dB safety margin is assumed.
Wavelength-Routed WDM Ring Network. Consider a 4-node 6-channel WDM network.
Each node uses an add-drop multiplexer to transmit or receive at any of three different
wavelengths assigned to it, but passes through the other three wavelengths. For example,
nede 1 may add or drop data at channels A;, Ay, or Ay, but passes through data at Ay, Ag,
and Ag. Allocate sets of three add-drop channels 1o each of the nodes 2, 3, and 4, such that
any node on the ring may communicate with any of the other nodes. The idea is that each
node must have one add-drop channel common with each of the other three nodes, but this
channel must not be common with nodes in-between.





