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FIBER OPTICS COMMUNICATIONS

S. SOMEKH and A. YARIV
California Institute of Technology

Pasadena, California 91106

SUMMARY    The transfer of information in the form of light waves via an optical fiber
waveguide is discussed. Small size and weight together with high information rate
capability make the fibers attractive for various types of communications systems.
Description of channel characteristics such as attenuation and bandwidth is given, and
possible input and output devices are examined.

INTRODUCTION    One of the first exciting applications envisioned for the laser a
decade ago was optical communication. The high optical frequency of the laser radiation
enables the beam to carry large amounts of information, but at the same time prevents it
from propagating easily through a cloudy and rainy atmosphere. Optical waveguides in the
form of small diameter (2-3 thousandths of an inch) glass fibers have been available for
quite some time. However, the attenuation of the light propagating in those flexible fibers
was so great that their use as “optical cables” was ruled out.

Recently low loss optical fibers have been fabricated. The fibers can be used for short
distance communication systems like the ones between a computer and its peripherals., or
for long distance communication systems with a repeater every few miles. They combine
sma” size and light weight together with large bandwidths. Interference and pick-up
problems are easily eliminated by coating the fiber with opaque material, and ground loop
problems do not exist in fiber optics systems.

We discuss here the principles of operation of these fibers., their properties such as
attenuation and bandwidth, and their input and output devices. We conclude with an
introduction to a new field of research Integrated Optics.

WAVEGUIDE THEORY    The phenomenon of waveguiding can be explained by ray-
optics arguments. For the sake of simplicity we shall consider a two-dimensional
waveguide and apply the results to a circular cross section waveguide. Figure 1a describes
a light ray incident on an interface between two dielectric media. According to Snell’s law
of refraction, the relation between 21 and 21 is given by

n1 sin21 = n2 sin22



where n1 and n2 are the indices of refraction (the ratio between the speed of light in
vacuum c and the speed of light in the medium) of the lower and upper media. If n1 is
larger than n2, an increase in 21 to a value of 2c = arcsin(n2/n1) would cause 22 to be equal
to 90E(Fig.2a). A further increase in 21 causes a total internal reflection of the ray with
21 = 21 as shown in Fig.1c. Introduction of a second interface so that the layer with the
high index n1 (the core), is sandwiched between two layers with lower index n2 (the
cladding), causes the light ray to be completely trapped inside the core and thereby to
propagate along it (Fig. 1d). A rigorous mathematical solution of the problem (1) which
involves the solution of Maxwell’s equation shows that the light ray can actually propagate
only in a number of discrete angles (Fig.1e). Each angle of propagation corresponds to a
discrete “mode”, similar to the modes in a microwave waveguide. The total number of
allowed modes is determined by the index difference (n1-n2) and the thickness of the
waveguiding layer d. By reducing d the number of allowed modes at a given wavelength
decreases and for a small enough waveguide thickness only one mode, the fundamental
model is guided. The same effect can be achieved by reducing n1-n2, but this makes 2c a
very glancing angle and, may cause excessive light leakage in bends (2).

Fig. 2 describes three types of optical fibers. The first is the so called multimode fiber
(Fig.2a). This fiber has a relatively large core diameter (typical numbers axe, core diameter
= 50µ, n1-n2 = 0.05) and can support many modes. The acceptance angle., i.e.., the
maximum angle at which a ray incident on the core is trapped inside (also defined as
numerical aperture), is given by sin2 = NA = %n2

1,-n2
2 . In a multimode fiber a light pulse in

each mode propagates at a different velocity (group velocity) because of the different
corresponding angles. A higher order mode zig-zags more often and hence., has a longer
overall optical path which amounts to a lower pulse propagation velocity. This fact limits
the bandwidth of the multimode fiber as we shall see later on.

The second type of fiber is the single-mode fiber shown in Fig. 2b. The small core
diameter (few microns for n1-n2 =0,005), allows the propagation of only one guided mode.
This improves the bandwidth considerably but requires a more sophisticated light source.

The third type of fiber is the so called Selfoc (3) fiber. Fig. 2c shows the index variation of
this fiber. The index varies quadratically from a maximum at the center to a minimum on
the outside. This gives the fiber lenslike properties that enable it to guide light by means of
gradual change of direction rather than an abrupt total internal reflection. The paths of
three rays with different angles of incidence are shown in Fig.2c. The oscillation amplitude
is related to the angle of incidence. For a small angle of incidence the ray propagates
closer to the center of the guide where the index of refraction is higher. For a larger angle
of incidence the ray oscillates with a greater amplitude which tends to make the path
longer. Since part of this path passes in a lower index region, the axial velocity for the
different rays is the same.



ATTENUATION    One of the main factors in determining the practicality of a fiber
optics communication system is the attenuation of the propagating beam inside the fiber.
The light intensity inside the fiber decays exponentially. If, for example, a certain length of
fiber is said to have an attenuation of 6db (the output power is one-fourth of the input
power), a fiber with twice the length would have an attenuation of 12db (the output power
is one sixteenth of the input power). This readily explains why the use of fibers in
communication had to await the development of the law loss fibersY and was not
considered practical with the fibers generally available until recently with losses -ldb/m
where the signal intensity in
1 km is reduced by 10-1000.

Attenuation results from two types of losses: absorption and scattering. Absorption, which
converts light into heat, is caused by different impurities in the glass. Those thought to be
most serious are the transition metal ions such as iron, copper., cobalt., manganese,
chromium, and nickell all of which have their peak absorptions within the visible and near
the infrared part of the spectrum. As little as 20-50 parts per billion of each of these ions
would cause an attenuation of 20 db/km. Recent work (4) suggests that the water hydroxyl
radical, also present in glass, may pose even a more serious problem. However, it is
believed that., ultimately, the limiting loss of fiber waveguides will not be due to
absorption. In the best of the state of the art glasses a bulk absorption loss of only
2-3 db/km (5) is found.

The second kind of loss in optical fibers is scattering. When a light beam traveling in a
fiber encounters irregularities part of it is scattered into different angles. The part scattered
into angles smaller than the total internal reflection leaks out of the fiber and is lost; the
rest of the scattered light is fed into different propagating modes, a phenomena referred to
as mode conversion (6).

The two main types of scattering are Rayleigh effects (7) and waveguide type scattering.
Rayleigh scattering is caused by density fluctuation inherent in the molecular structure of
the glass. It is unavoidable and therefore represents the minimum loss possible in a fiber. It
amounts to 5 db/km at 0.63µ and decreases as 8-4 to less than 1 db/km at 1µ.
Waveguidetype scattering is caused by imperfections introduced into the guide during
fabrication; examples are bubbles, core-cladding irregularities, dust particles, cracks, and
phase separation(separation in the component materials)

Glass fibers with a loss of less than 20 db/km have been reported by Corning Glass Works
(4). This is the lowest loss reported to date. The fiber is a single mode fiber with core
diameter of 4µ. The spectral attenuation curve for this fiber is given in Fib. 3. The
absorption peaks are associated with hydroxyl radical transitions. There are three
important low attenuation spectral regions around 0.63µ which correspond to the output



wavelength of a helium neon laser, 0.8µ (aluminum gallium arsenide laser and light
emitters) and 1.06µ (neodynium YAG laser). An attenuation of 50 db/ km has been
reported by researchers at Nippon Sheet Glass Company (8) for the Selfoc glass fiber, and
attenuation of 14 db/km has been reported for a liquid core multimode fiber by researchers
at Bell Labs. (9).

BANDWIDTH    The enormous information carrying capability of a laser beam can be
well understood by noting that at a wavelength of 1µm the frequency is 3 x 105 GHz. Full
advantage of this frequency can be taken in free space. If, as an example, pulse code
modulation is imposed on a single frequency laser beam, it can propagate to unlimited
distances with no effects of pulse broadening. Therefore if the pulse width is reduced,
more and more pulses can be sent per second. This is not the case in glass (or most all
other material media). Glass being a dielectric exhibits “dielectric dispersion”, i.e., the
index of refraction is a function of frequency. This effect broadens the light pulses as they
propagate inside the material and thus limits the rate at which pulses can be sent. In
general, the index of refraction at the vicinity of a certain frequency To, can be described
by a Taylor expansion:

n(T) = no + a(T-To) + b (T-To)
2 + ...

For a given T, n(T) determines the propagation speed of a continuous wave with no
information). This speed is called phase velocity Vphase(T) = c n(T). If a wave with a
frequency of To is modulated to carry information, it acquires sidebands which are shifted
in frequency from To. Because of this shift the sidebands do not propagate at the same
phase velocity as the fundamental To, thus giving rise to a distortion. The term a(T-To) in
the expression for n(T) gives rise to what is known as group velocity, i.e., pulses of light
propagate at a different speed than a continuous wave in the material. The term b(T-To)

2 is
responsible for the broadening of the pulses as they propagate in the material and if b … 0
the pulse rate in the dielectric has an upper limit for a given distance of propagation. An
individual mode in a fiber also exhibits “mode dispersion”. This means that a change in the
light frequency causes a change in the phase velocity of the mode even with no “dielectric
dispersion”.

For a single mode fiber these two effects have to be considered in calculating the
bandwidth. A theoretical study (10) shows that for a 1 km single mode fiber, the
information rate can be as high as 30 Gbit/sec and that as a function of distance it
decreases only as 1/%L.

The information-carrying capability is much lower for a multimode fiber. As was discussed
earlier, every mode carries the information at a different velocity (group velocity), because
of the different propagation angle and overall path associated with each mode. Therefore a 



Light pulse entering the fiber at one end can travel by means of many different paths, each
arriving at the other end with a different time delay. This effect, the excitation of many
propagating modes, broadens the light pulse at the fiber output more than the effects
described above and limits the bandwidth attainable with a multimode fiber. Accurate
theoretical limits for information rate are not easy to predict. Factors such as power
distribution between modes, scattering of power from one mode to another (mode
conversion), and different attenuation for different modes have to be taken into account
and they are not always known. This may explain why measured bandwidths of multimode
fibers vary considerably (11). However, for the simple case where all possible modes are
excited uniformly, it has been shown recently (12) that the measured broadening of a light
pulse can be predicted quite accurately. The theoretical model used, assumed equal
attenuation for all modes, and no mode conversion. Using these assumptions information
rate of at least 50 Mbit/sec should be possible over a distance of 1 km. This rate varies as
1/L as compared to the 1/%L dependence in the single-mode case.

A large number of modes is not a limitation in the case of the Selfoc fiber, because all the
modes propagate at the same velocity. Information rates much higher than those of a
regular multimode fiber should be possible.

LIGHT SOURCES, MODUIATORS AND DETECTORS (13)    To take advantage of
the fibers large bandwidth, suitable light sources and detectors have to be used.
Semiconductor devices are very attractive for this purpose. They axe compatible with
integrated circuits and their small size makes it easy to couple them to a fiber. Let us
review very briefly some of the properties of these devices.

A typical semiconductor crystal has two energy bands with a forbidden gap between them
(Fig.4a). An electron in the crystal can only have energies corresponding either to the
conduction band (the upper level), or to the valence band (the lower level). Figure 4a
describes a crystal with no impurities; the valence band is essentially filled with electrons,
while the conduction band is empty. When “donor” impurities are added to the crystal they
donate electrons to the conduction band (as shown in Fig. 4b). This is an n-type crystal. A
p-type semiconductor is formed by adding “acceptor” impurities. They “accept” electrons
from the valence band, generating empty states which can be described as “holes”
(Fig.4c). These holes have positive charge and axe free to move in the crystal in the same
manner as the conduction band electrons in the n-type semiconductor. A crystal with one
part p-tvpe and one part n-type is a p-n diode. The familiar energy diagram of the p-n
diode with no external voltage is shown in Fig. 5a. The bending of the bands gives rise to a
built-in potential barrier. This prevents the diffusion of electrons from right (n) to left (p)
and of holes from left to right, so that the current through the junction is zero, as it should
be with no external voltage.



To operate a p-n diode as a light detector the potential barrier is increased by applying a
reversed bias (n-side positive). A photon propagating in the junction area can be absorbed
by an electron in the valence band, if the energy of the photon is equal to, or exceeds that
of the band gap. The electron is excited to the conduction band., leaving an empty state - a
hole in the valence band. As shown in Fig. 5b the electron under the influence of the
electric field would “roll” down the potential barrier, while the hole would “float” in the
opposite direction. This gives rise to a current in the external circuit. By increasing the
reverse bias, the photon generated carriers (electrons or holes) can gain enough kinetic
energy to “kick” new electrons from the valence to the conduction bandl while still
traversing the junctions. This process, the avalanche multiplication, increases both the
signal current and the shot noise. As a result it diminishes the importance of thermal noise
generated by amplifiers following the detector. Silicon p-n and avalanche diodes with a
peak response around 0.8-0.9µ are available with a rise time of 1 nsec for the avalanche
diodes. The response can be pushed further into the infrared to include the Nd-YAG laser
radiation, by sending the light along the diode junction rather than across it (14) (beam B
instead of beam A in Fig. 5b).

A p-n diode can be operated as a light emitting diode (LED) by applying forward bias to
the junction (n-side negative). This decreases the potential barrier, and enables electrons
and holes to overcome it. Electrons from the n-side are thus “injected’ into the p side, and
holes from the p side are injected into the n side. In GaAs the electron injection
dominates., so we shall consider it only. After crossing the junction the electrons are in the
conduction band of the p type material. As we have seen earlier, a p type material in
equilibrium does not have any electrons in the conduction band. This means that the
electrons are in an excited state. These electrons, after a certain average lifetime in the
conduction band,, make independent “spontaneous” transitions to an empty state in the
valence band, releasing energy equal to that of the band gap. (The process is called
electron hole recombination). In GaAs as opposed to silicon and germanium, a substantial
fraction of these electrons would release their energy in the form of light. This process is
called electroluminescence and is described in Fig. 5c. The light wavelength is determined
by the band gap energy and is 0.91µ for GaAs.

Replacing part of the Ga atoms with AR atoms to form ARxGa1-xAs (x between 0 and 1)
changes the band gap of the material, so the light wavelength can be tuned continuously
from 0.91µ in the infrared (x=0) to 0.77µ in the visible (x=.15). The LED light has a
spectral width of a few hundred angstroms and is emitted in all directions. In addition,
every point in the active region (where the transitions take place) emits photons
independently so the light wave from one point has no fixed phase relation to a light wave
from another point. The LED therefore has to be regarded as a collection of uncorrelated
point sources. Consequently the radiated light is “incoherent”. This means that efficient
coupling of LED light into a single mode fiber is impossible since, as was described



earlier, a light ray has to incident at a single discrete angle in order to be “trapped” in a
single mode fiber. Multimode or Selfoc fibers can accept a larger variety of angles and axe
suitable for use with this type of light source. LED’s are available with a few milliwatt
average output power and 1 nsec risetime. The fast, linear response makes it possible to
take full advantage of the multimode fiber bandwidth by directly modulating the current
through the diode.

In order to use single mode fibers with the higher information rate capability, coherent
light from a laser should be used. The p-n diode can be operated as an injection laser by
increasing the forward current. The larger number of electrons crossing the junction would
cause a laxger concentration of excited electrons in the conduction band of the p side. At
that point a process called “stimulated emission” takes place. Under the influence of a light
wave in the junction, the electron is stimulated to make a transition. The photon emitted in
the process has the same wavelength phase and direction as the stimulating light wave.
The net effect is amplification of the light wave as it propagates along the junction. The
two ends of the device are cleaved or polished so that part of the light exits the junction as
an output beam, while the rest is reflected back for another trip along the amplifying
junction. The amplifier becomes a “laser” (light amplification by stimulated emission of
radiation) when the gain equals the different losses in the junction, so that constant
oscillation is sustained. The output beam of the injection laser has a very narrow spectral
width and emerges in one direction (Fig. 5c). Many milliwatts of power can be obtained
with high power density and sub nsec rise time. More efficient structures (15) than the
simple p-n diode have lowered the current densities needed for laser operation, but a
problem of limited lifetime for these lasers has not been solved yet.

A more conventional type of laser can also be used in a fiber optics system, for example,
neodymium doped yttrium aluminum garnet (Nd:YAG) with radiation at 1.06µ. This laser
can be “mode locked” (13) to produce short pulses with rates as high as several hundred
MHz. As shown in Fig. 6 the pulse train is passed through an electrooptic modulator which
imposes a pulse code modulation on it. The modulator is usually a crystal that changes the
polarization of the laser beam with the application of voltage across it. A polarizer and an
analyzer turn the polarization modulation into amplitude modulation. Bandwidths of up to
1 G bit/see were obtained (16) with electrooptic modulators. The beam is then coupled
into a single mode fiber, The recent use of ARxGa1-xAs LED’s for driving (“pumping”)
Nd:YAG lasers (17) instead of a conventional krypton arc lamp, further increases its
practicality for fiber optics systems. Output power of tens of milliwatts with overall
efficiency of about .1% can be achieved and used for very high information rate systems.

COUPLING    A laser beam can be launched into a fiber by focusing it with a lens,
usually a microscope objective., to match the dimension of the core. Efficiencies
approaching 100% are predicted theoretically (18) and measured experimentally (19,20)



for either single mode or multimode fiber. However, the small size of the core makes the
alignment difficult and expensive. The output from a semiconductor laser or an LED can
be coupled directly by putting the fiber in contact with the diode and gluing it in place with
epoxy resin (21). Coupling out to a semiconductor detector can be done similarly.

In order to ease the problem of coupling in and out, and also to ensure redundancy, a large
number of fibers can be grouped together in a jacket to form a fiber optics bundle (22).
The jacketing can be designed for maximum mechanical protection and strength, making
the bundle a rugged optical cable.

A practical communications system requires the ability of repairing a broken fiber in the
field. Successful fusing of two fibers with a 10µ core diameter has been reported (23) with
a coupling efficiency of 90%. Recently a simple but efficient fiber optics connector has
been demonstrated (20). The polished ends of 2µ core fibers are locked in sockets facing
each other. By rotating the sockets (by hand) an accurate alignment of the fiber ends is
possible, yielding an efficiency of 90%. A drop of index matching oil between the two
fibers helps in obtaining the efficiency and in reducing the quality of the polish required.

INTEGRATED OPTICS    A typical conventional “optical circuit” is described in Fig. 6.
It consists of a light source, a modulator, an electronic driver for the modulator, polarizers
and a lens. It is bulky, heavy, very often unreliable and expensive. In addition the interface
between the solid state electronics and optics is complicated and usually limits the
performance. The desire to overcome the same kind of problems as the ones faced by
electronic circuits a decade ago has led to the development of a new research field called
“integrated optics” (24-26). The idea is to incorporate on a small substrate all the optical
components required to make up the various optical circuits. Lasers modulators and
detectors along with waveguides (the “optical wires”) and the analog components to
lenses, prisms, mirrors, polarizers, etc. are to be fabricated on a single chip yielding small,
rugged, reliable and inexpensive optical circuits.

Let us examine, for example, some of the things that can be fabricated on a chip of GaAs.
This material and its alloy ARxGa1-xAs are highly suitable for integrated optics purposes
(25). Waveguides can be easily constructed in GaAs; injection lasers are made of this
material and a p-n diode when reverse biased is capable of detecting light. The electrooptic
effect (change in the index n with the applied electric field) in GaAs is among the largest,
thus allowing the use of efficient modulators. Finally, the possibility of incorporating fast
electronic circuits together with optical circuits on the same chip would ease the
interfacing problem.

Figures 7a and 7b describe two types of waveguides in GaAs. In the first type the index of
refraction n of the upper layer is larger than that of the lower one because of the different



resistivities. Such a structure can be achieved by epitaxial growth (27) of the upper lanr or
by ion implantation (28). In the second type the index difference is achieved by growing
layers with different concentrations of aluminum (15). The index decreases with increase
in the concentration of aluminum, thus y > x. The use of electron beam and
photolithography allows the construction of different and complicated structures (29).
Figure 7c shows two kinds of channel waveguides on one substrate and Fig. 7d describes a
thin film lens (30). The lens action is due to the increase in the waveguide thickness which
tends to slaw the wave. The same effect is caused in a conventional lens by the glass.
Integrated optical circuits may be used in the future as terminals and repeaters in high
capacity fiber optics communication systems. A simplified scheme for a repeater is shown
in Fig. 7e. It consists of a detector to detect the incoming weak and broadened light pulses)
an electronic processor to regenerate the original pulse shape while extracting or adding
information, and a modulator to impose the information on a new laser beam. The laser
beam can be either coupled from an external laser into the thin film structure by means of
various film couplers (26), or generated internally by an injection laser. An injection laser
can be fabricated in a channel form (stripe geometry (31)) and modulated directly by
varying the driving current. To avoid high current switching a separate modulator can be
used as shown in Fig. 7e. Polarization modulation (27,32) and cutoff modulations (27) in
GaAs have been reported (cutoff modulation is achieved by lowering the index of the
guide by means of the electrooptic effectl until it loses its ability to guide waves). Let us
consider a different type of modulator where power exchange between two channel guides
is switched on and off (25). Figure 7f shows an example of two identical channels
fabricated by ion implantation, together with the profile of the propagating modes. An
overlap of the two modes causes certain coupling between them. Applying the same
voltage to both guides with respect to the substrate changes the index of the guides and
consequently the mode profiles. Thus control of the coupling is made electronically.
Another way of controlling the coupling is by applying a voltage to one of the guides only.,
or between the two guides. This spoils the identity between the guides and destroys the
effective coupling between them.

With additional developments in the field of integrated optics, optical multiplexing
combined with electronic multiplexing will further increase the bandwidth capabilities.
Analog data processing is already possible (24,25), and hopefully some sort of optical
logic would become a reality in the future.

CONCLUSION    The development of optical fibers with less than 20 db/ km attenuation
makes them attractive for use in communication systems. The advantages are numerous:
bandwidth (tens of Gbit/sec for a single mode fiber with a laser source and tens of
Mbit/sec for a multimode fiber with LED source), size, weight, immunity to
electromagnetic interference and pickup, and finally, the elimination of ground loops in
computers and similar equipment. Simple terminals for the generation and detection of the



light waves can be made of semiconductor devices compatible with integrated circuits.
Many multimode fibers grouped together in a bundle form a rugged optical cable, make
coupling simple and ensure redundancy. Methods of handling and repairing fibers are
being worked out. Integrated optical circuits may be used in the future in terminals and
repeaters.

Widespread use of fiber optics in communication systems will undoubtedly occur when the
glass manufacturers are able to produce long low loss fibers at a competitive price.
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Figure 1.  The total internal reflection phenomenon.



Figure 2.  Optical fiber configurations: (a) Multimode,
(b) Singlemode, (c) Selfoc fiber.

Figure 3.  Spectral Attenuation of Corning law loss fiber (4).

Figure 4.  Energy bands in an (a) intrinsic (b) n-type
and (c) p-type semiconductor.



Figure 5.  A p-n diode with (a) no applied voltage,
(b) reverse bias, and (c) forward bias.

Figure 6.  Fiber optics transmitter terminal employing a Nd:YAG laser.



Figure 7.  Integrated optics components. (a,b, and c Waveguides, (d) a lens, (e) a
repeater for fiber optics communications and (f) a modulator.




