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(ABSTRACT)

Fiber optics technology is being used in many applications, both in

the military world and in the industrial world. A broad overview of

fgm this technology is provided, including a discussion of the fundamentals
Ef of fiber operation and component characteristics.

„\ Applications of fiber optics in both military and industrial

communities is addressed, identifying specific examples in both cases.

In addition, market projections and technology trends are discussed for

both the military and industrial communities.
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1.0 INTRODUCTION .

This paper addresses a broad overview of fiber optics technology,

both in the industrial or commercial sector as well as the military

sector.

Six major sections provide the organizational framework for

discussing the various aspects of fiber optics technology. The first

section is this introduction, followed in the second section by some

basic fiber optic theory. The third section provides background on

various fiber optic components, including sources, detectors, couplers,

and connectors. Section 4.0 provides a broad overview of various

military applications of fiber optics, with highlights of each of the

services’ endeavors, as well as combined research programs to benefit ‘

all of the services. Industrial applications are provided in section

5.0, including fiber in the local loop, local area networks, and

wavelength division multiplexing. The last section, section 6.0,

provides a look into the future, with forecasts for spending in various

areas of fiber optic technology.

This overview is designed to be tutorial and informational in

content. In addition, it provides a basis for understanding future

trends in fiber optics, such as where research is being performed today,

new products that are likely to appear, as well as where markets may

grow.

1 I} :
Fr

_ __d__________________________________________________________________„___„_____..............-—-—J



I2.0 FIBER OPTIC BASICS ,

One of the first questions most often asked about fiber optics is,

why would I want to use it when something else works? The answer for

most cases is based on one of the inherent advantages of fiber optics

that other media do not provide or do not provide as well. These main

advantages of fiber optics are listed below:

• Size/Weight
• Bandwidth
• Electrical Immunity
• Installation Ease
• Reduced Maintenance
• Radiation Resistance
• Cost

A typical fiber is about the size of a human hair, 125 pm in

diameter, and the weight per foot of fiber is much less than copper.

These advantages are important in certain applications where space is a

problem, for example, in crowded city communications ducts, or where

transportability is desired, such as in a tactical application.

Although fiber does not have unlimited bandwidth, it does have a

very large bandwidth, and new processes and techniques continue to

provide improvements--now in excess of what can be used practically.

Another related advantage of fiber optics is that the attenuation of a

i 2
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3 I
signal is constant over a very large range of data rates. This Icharacteristic of the fiber bandwidth enables easier system design as

well as easier upgrading. Fiber bandwidth and dispersion or pulse

broadening limit the ultimate data-handling capacity of the fiber. I

While this dispersion is a minimum at a particular wavelength, it is

sensitive to the operating wavelength as discussed in more detail later. I

However, this wavelength sensitivity can be altered by manufacturing

processes. In addition, new techniques have been successfully developed

to provide a good response over a larger range of wavelengths,

minimizing the problem. Overall, the bandwidth of fiber far exceeds all

of its copper counterparts.

Optical fibers are manufactured from pure silica glass and are

therefore dielectric. This characteristic of fiber enables it to be

immune to any electrical fields, noise, or interference. Obvious

advantages of this dielectric characteristic can be realized in

manufacturing environments and communications systems, as well as a

l number of other applications. For example, current practices require

that power and communications cables be routed in different ducts,

usually via different paths, to minimize interference. Fiber cables can

be run in the same duct or even the same cable as power conductors,

enabling ease of systems design. Another example is electromagnetic

pulse (EMP). EMP effects are eliminated by using fiber optics, which is

a great benefit for military systems exposed to this problem. Another

benefit of this characteristic is elimination of ground loops, since the

fiber does not conduct electrical current from one system to another.



" {
Based on the weight and size of fiber, installation is usually much l

easier with fiber than with other types of cable. An additional {
advantage of fiber optics is the fact that it is very flexible. This

characteristic makes it easy to place in tight corners, around bends, or {

under a carpet, for example. Some very ingenious installations have {

been achieved because of the inherent characteristics of fiber that

other media do not possess. However, it should be noted that splicing

fibers together is more difficult than metallic cables. In addition,

both fiber and metallic cables have a minimum bend radius that restricts

the amount of bending the cable can incur and not exhibit degradation.

Maintenance costs of a system are usually major over the life cycle

of a system. Fiber optic systems usually exhibit lower maintenance

costs for a number of reasons. The low attenuation and high bandwidth

of fibers allow longer repeater spacings and fewer cables, thus

requiring less maintenance. Fiber is also immune to many of the

degrading effects of time, such as corrosion, unlike metallic cables.

Lifetimes of fiber optic systems are therefore quite long.

One characteristic of special interest in the military community is

the ability of fiber to recover from a dose of ionizing radiation.

Special fibers that are purer than standard fibers are manufactured

specifically for use in radiation environments. Fibers are used in

nuclear reactors for safety and to provide sensor readings when other

cables would be useless. New fiber types are research and development,

such as heavy metal fluoride fibers, that are even more resistant to

ionizing radiation and recover from this radiation faster than silica
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fibers. These fibers should become more readily available in the near

I

future.

The costs of a fiber optic system vary considerably with design.

In general, system life—cycle costs are lower mainly because of the

reduced maintenance mentioned above. Also, if upgrades to the system

are envisioned, fiber systems can be easily upgraded, which usually

saves money over the system life cycle as well. In general, the higher

the product of bandwidth times distance, the more cost effective the

system. Shorter distance systems, such as local area networks (LANs),

may not be lower in cost per node at the current time, but this

situation should improve. Other advantages of fiber, such as

installation ease or electrical immunity, may be sufficient to justify

the use of fiber today even in the short-distance application.

In summary, fiber optics provides unique advantages over

conventional media and should be considered as a viable and practical

alternative when performing communications system design analyses.

Fiber optics may indeed prove beneficial and cost—effective over the

system's life cycle.

2.1 Fiber Theory of Operation

Optical fibers are based on a simple principle of physics: Snell's

Law. Snell's Law relates the index of refraction to the angle of the

refracted ray. This law also predicts the existence of a critical angle

or an angle of incidence where transmission will not occur from a medium
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of high refractive index to a medium of lower refractive index. The

index of refraction is a characteristic of a particular material, so the

proper choice of materials enables this critical angle to be chosen. If ,

no light is transmitted, then total internal reflection occurs, keeping

the light in the medium of higher index of refraction [64]. Figure ,

2.1.1 graphically illustrates the development of the critical angle.

Mathematically, Snell's Law is stated below:

Hl sin Hl = ng sin Hg [2.1.1]

When Hg equals 90°, sin Hg equals 1. Knowing Hl and ng, Hl can be

solved for the critical angle, HC. For angles greater than HC, total

internal reflection will occur.

In the case of an optical fiber, two types of glass are used in a

concentric cylindrical construction to provide the interface needed for

total internal reflection. Figure 2.1.2 illustrates a two-dimensional

representation of the optical fiber and how the critical angle is used.

As can be seen in Figure 2.1.2, a large HC is used to minimize the

number of rays or modes allowed to propagate down the fiber. HC is also

related to the acceptance angle of the fiber or the cone of light that

is introduced to the fiber that continues to propagate down the fiber.

In addition, another quantity, the Numerical Aperture, is defined from

the characteristics of the fiber and describes the acceptance angle as

well. Equating the acceptance angle and the indices of refraction of

the fiber occurs as follows:

L__ 1___________............................................--------------J
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Sin 699 = [nl? - n2?[l/? = nl [2A]1/2 [2.1.2] [

Where A = (nl - ng)/nl [2.1.3]

'

The approximation on the right is based on the fact that in fibers, I
a very small difference in index of refraction is maintained between the

I

core and cladding, This small difference in indices of refraction

constrains the acceptance cone and minimizes the dispersion

characteristics of the fiber.

2.2 Fiber Characteristics

Based on the previously discussed theory of fibers, different types

of fibers have been produced. The literal interpretation of the above

equations results in the production of step-index optical fibers. This

type is shown at the top of Figure 2.2.1 [29]. However, it can be seen

that input pulses are severely distorted, primarily as a result of

intermodal dispersion. Intermodal dispersion can be visualized as the

difference in path lengths of the different rays down the fiber.

Obviously, the ray on-axis has a shorter path length than the ray with

the steepest angle. The difference between these two extremes yields

intermodal dispersion. Typical diameters for step—index fiber are

200 pm core and 400 pm cladding, but many diameters are available.

Step-index fibers are also used in medical instruments (e.g.,

borescopes) and light pipes, as well as the more familiar fiber lamps.

._
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When fibers are used strictly for illumination, step-index fibers are

chosen since they provide the necessary function and are cheaper than
other fibers. In addition, some step-index fibers are made of plastic

rather than glass for short—distance use and special applications.

These fibers sometimes use air as a cladding for the plastic rather than

two types of plastic, as in the glass fibers.

It was realized early that if fibers were to be made for

telecommunications purposes, lower loss and less dispersion would be

needed than was achieved with the step-index multimode fiber. As a

result of these pressing needs, graded-index fibers were conceived and

developed. These fibers have a slightly different core than the step-

index fibers in that the index of refraction is varied roughly

parabolically with the radius until the cladding layer is reached. The

overall effect of this grading process is to reduce the intermodal

dispersion discussed above. With the index of refraction graded, rays

traveling closer to the cladding will speed up, since light travels

faster in materials with a lower index of refraction. In addition, the
rays closer to the center of the fiber are slowed down. This results in

the time delay for the different paths to be nearly equal. The overall

effect is depicted in the middle of Figure 2,2.1. Now the rays are

curved, but the dispersion characteristics are greatly improved, as

illustrated.

Standard core/cladding diameters for graded-index fibers are 50/125

pm, 62.5/125 pm, 85/125pm and 100/140 um. Each of these fiber standards

has a different purpose and application. The 50/125 pm fiber is one of

PI n
_
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the telecommunications standards, when graded-index fibers are used for

this application. The other standards are primarily LAN standards,

although 50/125 pm could be used in a LAN as well. When choosing a

fiber type, the entire system design must be considered, including

bandwidth and distance, among other factors, before an appropriate fiber

can be chosen. Q

For ultimate attenuation and dispersion performance, single-mode

fibers are used. These fibers are a Variation of the step—index fiber

mentioned above. This fiber type is also shown in Figure 2.2.1, at the

bottom of the figure. However, the difference arises primarily in the

size of the core. Core sizes for the step-index, single-mode fiber are

based on the intended operating wavelength, but typical diameters are 5

pm for 850 nm operation and 10 pm for 1,550 nm operation. Cladding

diameters are the same as for graded-index fibers, 125 pm. This

similarity provides some compatibility between the fibers. Waveguiding

characteristics of the optical fiber now become dominant and ray theory

no longer is sufficient to describe the behavior. However, in simple

terms, the single-mode fiber propagates only the fundamental mode or the

~ ray on the optical axis of the fiber. All other rays or modes are cut

off. The dispersion discussed earlier is now reduced to material

effects and some waveguide effects, and can be optimized for the

wavelength to be used. Single-mode fibers are used primarily for

telecommunications, allowing maximum data rates, minimum attenuation,

and maximum repeater spacings.

Typical attenuation and chromatic dispersion curves for silica

optical fibers are shown in Figure 2.2.2. Peaks in the attenuation
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curve are a result of absorption, based on impurities in the fiber such I

as hydroxide ions. However, many valleys exist that fibers can exploit. I

The first window of optical fibers occurred at 850 nm, primarily because I

fibers have low attenuation at this point and because sources and I

detectors at this wavelength were already available. I

As fiber processes improved, longer wavelengths became more

attractive, since the theoretical limit for attenuation was much lower

at these longer wavelengths. As impurities in the fiber were removed,

the valleys at 1,300 nm and 1,550 nm became more attractive, with

ultimate limits approaching 0.2 dB/km. Development of appropriate

sources at these wavelengths has occurred to take advantage of these

wavelengths. Although fiber optic components at long wavelengths are

still more expensive than components at the shorter, 850 nm wavelengths,

component costs are declining as volumes increase.

The dispersion curve for a typical silica fiber is also shown in

Figure 2.2.2. Obvious advantages at 1,300 nm are evident by this curve.

The natural minimum for dispersion of a silica fiber is at this 1,300 nm

wavelength. However, the minimum attenuation for silica fibers is at

1,550 nm. Manufacturers of fiber realized this discrepancy and

developed a dispersion-shifted fiber to take advantage of the minimum

attenuation wavelength at 1,550 nm. The dispersion minimum is shifted I

by altering the geometry of the fiber. One alternative geometry uses a I

triangular core [20], [96]. I

Commercially, however, sources are more readily available at 1,300

nm than at 1,550 nm, and are cheaper as well. As mentioned before, the I

I

I I
. __,ll..._.__......................................................................A
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ease of upgrading fiber systems should be realized when planning a

system. Therefore, the best performance and the lowest cost would be

desirable. For example, a 1,300 nm wavelength system could be installed

today, and five years from now it could be upgraded to 1,550 nm. In

order to maximize both systems, fiber manufacturers now offer

dispersion-flattened fibers that have a more flattened chromatic

dispersion response between 1,300 and 1,500 nm, providing an improved

capability for both wavelengths as well as increased system design

flexibility.

2.3 Radiation Characteristics of Optical Fibers

Military systems are quite often concerned about radiation effects

on communications systems. As a result, many tests have been performed

on optical fibers to characterize their response to ionizing radiation.

Although fibers absorb this type of radiation and darken, the effects

are only temporary and many fibers recover almost completely. Specially

designed fibers can be purchased that are more radiation resistant than

off—the-shelf fibers [50], [126]. These radiation resistant fibers are

usually more pure (i.e., they have fewer dopants).

Figure 2.3.1 illustrates a typical absorption curve for high

hydroxide content fiber. As can be seen in the figure, many factors

influence the amount of radiation absorbed, including total dose, dose

rate, and temperature of the fiber at the time of irradiation. Warmer

fibers perform better than colder fibers, due in part to the thermal
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excitation of the molecules in the fiber by the infrared optical power. °

*Heatkeeps the molecules agitated and they are more likely to resist
E

ionization as well as return to a normal state faster. As can be seen :
in the figure, a peak also occurs, in that fibers do saturate and then :
begin to recover, even though additional radiation is imposed on the :
fiber. In addition, radiation absorption is also dependent on the power Z
in the fiber at the time of irradiation. As more power is sent down the

fiber, a photobleaching effect can be observed; that is, optical power

in the fiber inhibits the absorption of ionizing radiation.

A typical recovery curve for an optical fiber is illustrated in

Figure 2.3.2. Again, total dose, dose rate, and temperature are factors

that affect the recovery of an optical fiber. With the room temperature ,

fiber (l9°C), recovery to original state is practically achieved in :
approximately 1,000 seconds or about 17 minutes. Allowing additional :
system margin could provide recovery in a shorter period of time

[3],[42],[43], [59], [72]. [

New optical fibers are currently in the research phase of [

development. Of particular interest are heavy metal fluoride fibers or :

HMF fibers. These fibers are attractive for a few reasons. The first [

reason is that since these fibers have a different chemicalcomposition,as

well as a different structure, their theoretical potential for :

attenuation is two orders of magnitude better than silica fibers. The '
theoretical attenuation of HMF fibers is 0.001 dB/km. With this low ·

attenuation, transoceanic cables could be repeaterless, with obvious '

maintenance and cost advantages. Another characteristic of the fiber '

[ .
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I
that is advantageous is its increased resistance to ionizing radiation. IHMF fibers do not absorb as much radiation and recover more quickly than I

silica fibers, providing obvious military advantages.

Although HMF fibers show great promise, some obstacles still exist

that prevent widespread use of these fibers. One obstacle is that I

manufacturing techniques are not well refined and therefore yields are

low, increasing prices. In addition, many unwanted impurities exist in

the fibers that prohibit ultimate realization of the potential

' attenuation. As a result of the immaturity of manufacturing techniques

as well as the fiber composition, HMF fibers are not as strong as silica

fibers and are therefore not as durable and flexible. HMF fibers are
amorphous rather than crystalline in structure, but they tend to

crystallize during the manufacturing process and become brittle as a °

result. Therefore, great emphasis is being placed on developing refined

manufacturing techniques for HMF fibers. A final obstacle to the use of

HMF fibers is the fact that the minimum attenuation and minimum

dispersion wavelengths are not the same, and are farther apart than in

silica fibers. Resolution of this obstacle is unclear at this time.

Optical fibers have progressed from early step-index varieties to

more advanced graded·index types and ultimately to single—mode styles.Attenuation and dispersion characteristics have been altered tomatchthe
most desirable wavelengths of operation. New fiber types are being I

investigated to provide even greater capabilities for systems. II
I
I

I I
III



3.0 COMPONENTS

In this section, the basic building blocks of optical fiber systems

are addressed. These building blocks include optical sources (Light

Emitting Diodes (LEDs) and Laser Diodes (LDs)), detectors (Positive-

Intrinsic—Negative (PIN) diodes and Avalanche Photodiodes (APDs)),

connectors, couplers and cables. In addition, a brief description of a

system design and an overview of sensor types are provided for future

reference.

3.1 Optical Sources

Two types of optical sources are used with optical fibers for most

applications. These two sources are the LED and the LD. Both of these

devices are semiconductor structures and are very similar in terms of

basic operation. The LD is a special case of an LED in that it has been

optimized for pumping and lasing action. Figures 3.1.1 and 3.1.2 show

the construction of the LED and LD, respectively [96]. The LED shown in

Figure 3.1.1 is a surface emitting variety, the first type of LED

exploited by fiber optics. In this particular case, a well has been

etched down to the active region to provide better coupling of light

into the fiber. This technique was named for the inventor, C.A.

Burruss. Today, other types of LEDs are also used, most notably the

Edge-Emitting LED (EE-LED). The EE—LED more closely resembles the LD

and provides better coupling characteristics to fibers than the surface

emitting LED. As the name suggests, light is emitted from the edge

rather than the surface in a typical LED.
20V
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23 Q
For a typical LD, the current, and therefore the pumping mechanism, I

is usually confined to a smaller area than in an LED, which provides a i

population inversion and produces lasing action if the diode is

ofproperconstruction. Reflection at the endfaces of the laserdiodeprovide

the optical cavity necessary for laser action. A fiber can then [

be brought in close to the emitting edge and maximum light coupling can

be achieved, as illustrated in Figure 3.1.2 [96]. As expected,

advantages are accompanied by disadvantages. LDs have some drawbacks

that tend to prohibit their use in many applications. These

disadvantages include more pronounced temperature effects, stability

problems, and reliability.

Figure 3.1.3 shows the output of an LED as a function of drive

current and temperature [96]. Although the LED is somewhat temperature

sensitive, it is a mostly linear effect and is predictable. Figure

3.1.4 shows the same curves for an LD, and, as discussed, the

sensitivity of LDs is more pronounced [64]. The knee in the LD curves

is the threshold of lasing, and this threshold shifts with temperature.

Most fiber optic systems bias the LD near this threshold to enable the

laser to be turned on and off quickly, improving response times.

However, if the threshold shifts, the system could quickly deteriorate.

To compensate for these effects, LDs have sophisticated circuitry to

monitor and compensate for temperature fluctuations. However, LEDs do

not need such circuitry. Therefore, LDs are more expensive and suffer

from lower reliability than LEDs. In addition, the LD can couple much

more power into a fiber and perhaps save many repeaters, justifying its

use in some systems, especially long haul.

]_
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Another difference between LDs and LEDs is exhibited in Figure

3.1.5 [29]. Since the LD is a small laser, its spectral width is much

narrower than the LED. _For dispersion considerations, the LD is

preferable over the LED. Since chromatic or intramodal dispersion

varies with wavelength spread, a narrow spectral source would be less

affected by this difference than a broad spectral source. Therefore,

for high data rate systems, LDs are preferred again. In addition, LDs

can be modulated at higher data rates than LEDs, again being preferable

in higher data rate systems.

Tables 3.1.1 and 3.1.2 depict some comparisons between LEDs and

LDs, including average power emitted, coupled power, and spectral width,

for example. The values in the tables are representative of off-the-

shelf products. Better performance can be obtained from special order

or premium products offered by the manufacturers [10], [64], [96].

3.2 Optical Detectors

Optical detectors have similar construction to LEDs and LDs. They

are also semiconductor devices and two basic varieties are used. The

first type is the PIN diode and the other is the APD. By analogy, the

PIN and LED are similar and the APD and LD are similar. The PIN is a

basic detector that receives light and converts it back into

electricity, where it is subsequently amplified and processed. The APD

provides internal gain at the detection point, so that additional

amplification is minimized. However, the APD requires greater power, is
[[[[[E
[
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more sensitive, and costs more. But if the extra sensitivity saves a

repeater, then the APD can be justified. Table 3.2.1 summarizes the

differences between the PIN and the APD [19], [20], [96].

The use of a Field Effect Transistor (FET) with the PIN has become

commonplace, and is proving to be an effective detector/amplifier

combination for fiber optic applications. As the wavelength increases,

this combination provides almost equivalent performance to the APD since

APDs at the longer wavelengths are not as mature as the PIN/FETS. Many

commercial systems at longer wavelengths provide the PIN/FET as the

standard receiver even for long—haul systems rather than an APD.

3.3 Connectors

Fiber optic connectors have evolved extensively over the past ten

years. Initially, only a few fiber optic connectors were available,

with the SMA being the most popular, although still difficult to

purchase. One of the difficulties with fiber optic connectors was the

lack of standardization in fiber diameters, and the other was a lack of

dimensional tolerance in fiber manufacturing. Both of these problems

have been solved, and connectors are plentiful and available in a

variety of styles, including the SMA. Many of the fiber connector

styles are Variations of coaxial connectors, with more stringent

alignment tolerances [39].

Figure 3.3.1 illustrates the loss mechanisms in connectorizing two

fibers, for both single·mode and multimode fibers, The loss mechanisms
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33are
classified into three types: end separation S, angular misalignment

9, and offset d [64], [96].

End separation is a parameter that does not affect loss very

strongly, but it does show anomalous effects in single-mode fibers. As

shown in the upper left diagram of Figure 3.3.1, a resonant effect is

achieved by separating the ends of two single-mode fibers. This effect

is explained by the two perpendicular fiber ends being separated by an

air gap, thus creating a Fabry-Perot cavity. For this reason, many

single-mode fiber connectors incorporate an index-matching gel or fluid

between the connectors in an effort to reduce or eliminate this effect.
In either case, end separation should be kept to a minimum. In

addition, it should be noted on the figure that the curves for the

single·mode and multimode end separations have different scales on the

horizontal axis.

Angular misalignment can occur as a result of two factors. The

first is the failure to achieve a perpendicular end finish on one or

both fibers. The second factor would be a mechanical failure of the

connector, or the fiber within the connector, For both single-mode and

multimode fibers, this effect is not pronounced, unless angles greater

than 1° occur.

Lateral offset is the major contributor to connector losses and are

shown on the right side of Figure 3.3.1. Again, notice the difference

in scale on the single·mode versus the multimode cases. As core

diameter decreases, this loss mechanism becomes critical. This problem

affects the high cost of single-mode connectors due to tolerances that

b
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I
must be maintained. In addition, it is easy to see why the largest I

fiber possible should be used to minimize connector losses. Another

contributor to lateral offset is the concentricity of the fiber.

Concentricity refers to the centering of the core in the cladding. If

the core is not centered with respect to the cladding and the connector

is using the cladding as a reference, then lateral offset will occur,

regardless of the quality of the connector. Fortunately, most

manufacturers provide excellent control of fiber concentricity, so this

effect is minimized.

Figure 3.3.2 depicts an ST connector, and Figure 3.3.3 shows an SMA

connector [39]. The ST connector was developed by AT&T and is now

becoming an industry favorite. This connector provides advantages over

the SMA connector in that it is keyed and spring loaded, where the SMA

connector is a screw—on style. Another advantage of the ST is that it

provides repeatability, essential to good connections. The ceramic

capillary on an ST connector also provides a better match to the glass

fiber for end finishing. When the fiber is mounted in the connector and

then polished for a good end finish, ceramic particles will not etch the

fiber end, where metal particles can. The ceramic capillary provides

better connector yields as well, making the ST connector more cost

effective.

The military has pioneered the use of adapting existing multipin

metallic cable connectors for use with fibers [I4]. This

interchangeability enables a hybrid connector to be made, with some of

the contacts composed of fiber and others composed of metal. As
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Imentioned earlier, the two types of connector will not interfere with

each other, thus saving a great amount of factory retooling. Figure

3.3.4 illustrates an example of this hybrid connector [14], [39].

3.4 Couplers

Fiber optic couplers are the equivalent of taps used with metallic

cables. Unlike metallic cables, simply soldering a wire to another wire

does not produce the same effect in fibers. One way to make a fiber

coupler, two fibers are twisted together for a specific length and

number of twists and are then heated in the middle until they melt and

fuse. This process allows light entering the fused region to mix and

exit both of the fibers. Computer control is usually invoked in

monitoring the input and output during manufacture to optimize the

coupling or splitting ratio.

Figure 3.4.1 illustrates fiber couplers. The top diagram shows a

simple two·fiber directional coupler with light entering from fiber two

and exiting from both l' and 2'. The bottom left diagram illustrates

the same principle with multiple fibers and is called a transmissive

star coupler. A reflective star coupler is fabricated by bending the

fibers back on themselves as illustrated in the bottom right diagram.

The directional coupler and the transmissive star coupler are the most

popular styles of couplers. Once very expensive (> $1,000 each) these

devices are now much more reasonable (= $50 each), but still need to be

cheaper for widespread use. As the demand for LANs increases, coupler

I
I
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demand will increase, since these are popular components in many LANs.

Sensors also use couplers extensively, especially single—mode couplers.

As sensors become more widespread, couplers will be more in demand and

thus the price will decrease [66], [96].

3.5 Cables

Fiber optic cables are available in many sizes, shapes, and

configurations. In addition, the number of fibers in a cable can vary

widely from a single fiber to 144 fibers and more. Figure 3.5.1 depicts

a typical indoor single-fiber cable made with a multimode fiber. The

fiber core and cladding are illustrated along with the protective

coating that insulates the fiber from the surrounding environment. Next

is the kevlar that gives a fiber cable its strength and is used for

pulling the fiber cable through ducts, if necessary. Finally, the

outside coating or cable jacket is usually made of polyethylene or some

other plastic to provide overall ruggedness and durability.

Variations of this basic design are many. For example, metallic

shields for rodent protection are used for outdoor cables. Another

example is a central conductor and strength member used for pulling the

cable as well as supplying power to remote repeaters. For outdoor

cables, a loose buffer tube is employed to allow the cable to expand and

contract with temperature changes, without stressing the fiber

unnecessarily and thus inducing additional loss.

I
1

1
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I
I3.6 Fiber Link Losses

When designing a fiber optic system, all possible sources of loss

must be accounted for to provide an accurate analysis of link

performance. Referring to Figure 3.6.1, losses are usually considered

from the source through the system to the detector [29], [64], [96].

Losses occur in coupling power from the source into the fiber, as

discussed under optical sources. However, in many cases a manufacturer

will provide a source with a fiber pigtail already attached and aligned

for maximum power coupling. In this case, the manufacturer will specify

the minimum power emitted from the fiber pigtail. If this case is

chosen, then the power emitted from the pigtail will be the starting

point. In addition, this pigtail could be supplied with an attached ‘

connector of the user's choice with the power emitted from the connector

specified. In any case, the starting point is where optical power is

accessed for the system.

From the optical power emitted, the next steps are to determine

where connectors and splices, if any, should be placed and to determine

an anticipated loss for each of these joints as illustrated in the

figure. In addition, fiber attenuation must also be considered and

added to the losses. Since fiber cables can be ordered in a variety of

lengths, this factor must also be considered, since cable sections will

need to be joined, either by connectors or splices, Obviously, some

tradeoffs can be made. For example, use of a lower attenuation cable to

save a repeater or use of cheaper, higher attenuation cable if the

distance is short or if a repeater location already exists are current

techniques.

I
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Finally, the losses associated with coupling the power to the

detector must be considered. Again, the detector may be supplied with a

pigtail or be mounted directly into a connector for ease of coupling.

Coupling optical power to the detector from the fiber is not as

difficult as coupling optical power from the source to the fiber.
Detectors are much larger in area than the core of the fiber, so very

little optical power is lost.

Another system design calculation that must be observed is

performing a risetime or dispersion analysis. This analysis will ensure

that even though the signal power is sufficient to drive the detector,

the signal is of sufficient clarity to be intelligible. For digital

signals, a "l" must be distinguishable from a "O" or two "l's" have

occurred side by side. If too much dispersion occurs along the length

of the fiber, the pulses will be smeared and unintelligible. At shorter

wavelengths, systems may be limited by dispersion before they are

limited by attenuation. Gerd Keiser [63] provides an insightful

description of this analysis.

3.7 Fiber Optic Sensors

Since fiber optic sensors are becoming integral parts of larger

systems, they deserve special mention as a component. Fiber optic

sensors take advantage of all the benefits as well as the imperfections

of fiber. That is, fibers are somewhat sensitive to outside

perturbations, which is why they are usually protected in some form of
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cable. However, to take advantage of this sensitivity, fibers can be

exposed to a number of outside forces and the effects of these forces on

the fiber can be calibrated and used to observe unknown phenomena.

Examples of sensitivity are listed below:

• Twisting
• Pulling
• Pushing
• Squeezing
• Moving
• Rotating

• Heating
• Cooling

Two basic types of fiber sensors are employed. The first type is

based on monitoring the power output of the fiber and any changes to
‘ that output power. The second type of sensor uses a single—mode fiber

and monitors changes in phase of the light exiting the fiber, usually in

comparison with a reference. An interesting characteristic of fiber

sensors is that one way to make them more sensitive is to increase the

length of the affected area. In addition, many sensors can be made by

applying special coatings or dopants to the fibers to make them more

sensitive to a particular influence. For example, a magneto·strictive

coating can be applied that contracts with the existence of a magnetic

field, thus influencing the fiber. The contraction on the fiber
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produces the perturbation, rather than the magnetic field itself, but an

accurate sensor still results.

Correlation of the physical action of the force on the fiber to the
optical perturbation and resulting electronic signal produces a fiber

sensor. Many combinations of techniques are being investigated and used
to take advantage of the small sizes and large sensitivities possible

with fiber sensors [27], [30], [46], [68], [69], [97], [107]. Some

examples of sensors are listed below:

• Pressure
• Temperature
• Flow
• Rotation Rate
• Magnetic Field
• Liquid Level
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4.0 MILITARY APPLICATIONS

This section of the paper addresses both generic military

applications for fiber optics as well as service-unique applications.

The generic applications are discussed first, followed by each service

in turn [13], [123], [124], [125].

4.1 General Military Applications

Military requirements are usually more stringent than commercial

requirements due to the nature of the environments and the reliability

needed by the armed forces. As a result, additional requirements are

levied on commercial products to adapt them for military use. Fiber

optics is no exception.

In the case of fiber optic cables, the military, in general,

stipulates such additional requirements as hermetically sealed or coated

fibers to prevent water infiltration, increasing the lifetime of the

fibers and improving their static fatigue. The method for accomplishing

hermetic sealing of optical fibers is usually the application of a thin

layer of amorphous carbon on the outside of the fiber followed by a

normal coating. This layering gives the fiber additional protection

from the outside environment.

In many military applications, fibers are also required to be

radiation resistant for potential nuclear environments. As described

earlier, fibers can be ordered to meet these requirements. In addition,
PI

6.7P
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high-temperature cables may be needed, which would require the use of

different materials for the cable coating that are more resistant to

high temperatures. Applications for these high-temperature cables would

include being able to route them through engine compartments.

The military has been pursuing the development of fluoride fibers

quite extensively. As mentioned earlier, the theoretical potential for

these fibers includes lower attenuation, more radiation resistance, and

higher bandwidth. These characteristics make the fluoride fibers

attractive for both military and industrial systems. Applying these

fibers to sensors and tethered vehicles would permit much larger systems

than are possible today. In addition, other industrial and military

applications, such as long-haul systems, would benefit from the

development of fluoride fibers. °

Security in communication systems has always been a concern of the

military. As a result, many techniques have been used to protect these

communications. Encryption of a digital signal has been approved by the

National Security Agency (NSA), and is commonplace for protecting

digital information. A new technique, developed by Hughes Aircraft

Corporation, uses fiber optics and has been approved by NSA. This

system, depicted in Figure 4.1.1, is called the Intrusion Detection

Optical Communication System (IDOCS) [128].

The IDOCS uses step-index multimode fiber to enable two signals to

propagate down the fiber. One, an alarm or shield signal, is launched

into the higher order modes, or the modes near the cladding. The

second, or data signal, is launched in the central or core modes. If



l
49 g

_. 'Cg_
Ä, I EE Eg> gg

X u':¤ ¤.2 O Ü;°’ cQ 0o
1: O0 Q~¢

6)
C q)

u. _g >•
f,

°· é' *’?= E *3O 1 0 0
wg •'

3•‘‘=

ä<r
gg,_ ¤I ou0 N N

E E

I- cu .: Q"’
2+ ISN cu.: QCD



' V
50

anyone should tamper with the cable or more specifically, the fiber, the

image of the signals would be altered, with the shield image being

altered first, thus alarming the system before data is accessed. In
i

addition, when the link is installed, a setup procedure would be

initiated that maintains a record of how the transmission pattern

"looked" when the system was set up. When an alarm is corrected, if

this pattern is not restored, the system will still not operate.

Although IDOCS can be used in addition to or in place of

encryption, it does have some drawbacks. No junctions are allowed once

initial setup has been performed. No splices or connectors are allowed

in the cable anywhere, since these junctions disturb the modal patterns

and therefore negate the received image. Since step-index fiber is

used, the bandwidth is limited to around 10 Mb/s and the distance is

limited to 1 km. Research is ongoing to improve the capabilities of the

IDOCS to allow tactical use, installation of connectors, longer

distances, and higher data rates. In addition, single-mode and graded-

index multimode fibers are being investigated.

A fiber optic LAN-controlled automobile has been developed and

shows a great deal of promise for military applications. An example of

the LAN-controlled automobile is depicted in Figure 4.1.2 [83]. Fiber

optic star couplers are used to concentrate the signals at a few points

in the automobile. Modules that control various aspects of the

vehicle's performance are connected to fibers, which then route the

information to a master module or controller. The master module can

then be placed in a safe area where the environment is more moderate
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than the engine compartment. The fiber in the automobile replaces

hundreds of meters of copper wire, saving space, weight, and

maintenance. In addition, the fiber has electromagnetic interference
(EMI)/radio frequency interference (RFI) immunity and does not propagate

noise. The LAN is totally passive, so no interference with the LAN

occurs. Using fiber optic sensors in addition to the fiber optic LAN

allows a multitude of opportunities for improvement in current Vehicles.

Surface sensors using fiber optics entail only very small

apertures, or holes, in the surface of a vehicle. Detectors can be

mounted on the surface or used remotely via fiber to the inside of the

vehicle to a protected area. This technique is being investigated for

such Vehicles as tanks and airplanes.

Another device for security is a fiber optic sealing device. This

device uses a mesh bag composed of optical fibers woven into a tight

mesh. One end of the bag is left open for inserting a device to be

monitored, such as a nuclear weapon. The bag is then sealed with the

fibers, and a transmitter and receiver are attached that continuously

monitor signals through the fiber bag. If the signal is interrupted, an

alarm is sounded, indicating tampering or opening of the bag.

Underground nuclear testing, while not strictly a military

application, is usually employed for military armaments. These tests

are performed very rarely and require a maximum amount of information to

be gathered. Fiber optics has been used to improve the amount of

information collected during a single detonation, since it has very high

bandwidth and radiation-resistant characteristics. In addition, the
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small size of the fiber enables a smaller bore hole to be made, reducing

the risk and cost of the test [90], [103].

Monitoring phase changes in a fiber optic sensor is central to the

development of the fiber optic gyroscope. As the gyroscope moves, phase

changes can be monitored, and an accurate determination of position can

be calculated. These gyroscopes provide medium to high accuracy

compared to existing ring laser gyroscopes, but are much smaller,

measuring only a few cubic centimeters. Other advantages of a fiber

gyro are that there are no moving parts, and the parts that are used are

solid state. Unlike ring laser gyros, no gases are needed, and military

qualification is easily achieved. As with many fiber systems, low power

consumption is achieved and a high reliability, or mean time between

failures, is also achieved, on the order of 100 years.

Fiber gyros are envisioned to be used in aircraft navigation as

well as missile flight and attitude controls. Various weapons systems

h may use fiber gyros for platform stabilization. Oil drilling rigs are

testing fiber gyros, thus taking advantage of their small size and high

accuracy. Robotics requires many gyros for positioning, and fiber gyros

will be used in these applications as well [122].

Many military applications require personnel to be in control of

some equipment that is the direct target of the enemy. It would be

advantageous to allow the personnel to continue operating the equipment,

but remotely, out of the line of fire. Remotely operated vehicles

(ROVs) and tethered vehicles have received a great deal of interest from

all branches of the military for these reasons. One example of these
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vehicles is a diving tethered vehicle. This tethering allows a vehicle Er
to be connected to a mother platform via a fiber cable. The fiber cable

provides multimedia communication with the mother platform in the forms

of video, telemetry and possibly voice, if there are personnel on board

the vehicle. Applications such as minesweeping would be safer and more

practical using such a tethered vehicle [67], [112].

Another ROV is the Robotic Obstacle Breaching Assault Tank (ROBAT),

which has a video monitor and uses a remote, portable control station,

achieving the goal of keeping personnel out of the line of fire. In

this case, a bidirectional, multimode link is used, with data operating

at 830 nm and video at 1,300 nm. Similarly, the Ground/Air Telerobotic

System/Aerial Remotely Operated Device (GATERS/AROD) employs a similar

technique to perform reconnaissance in an effort to aid in target

acquisition. In some cases, direct fire can be performed from the

information obtained at the remotely operated control station [15].

Other airborne tethered vehicles include the Coast Guard aerostats

which are enabling the Coast Guard to see over the horizon and improve

their effectiveness in fighting drug trafficking. Many other tethered

vehicles are being investigated by all of the services to perform tasks

dangerous for human beings to be near, but where human intervention is

still needed to operate the equipment effectively.
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4.2 Army Applications

One of the most successful Army fiber optics programs is the Fiber

Optic Guided Missile Program (FOG-M). The objective of this program is

to provide a tethered missile, with the capability to send targeting

information via video, back to the launch site for guidance control to

be performed remotely. This technique is pictured in Figure 4.2.1 and

_ shows missiles with fiber tethers being launched from a truck, where

guidance control consoles are attached and monitored by humans. The

missiles then provide a view of the battle area to the controller, who

chooses the target, based on the video information and guides the

missile to the target. The expensive guidance control consoles are then

reusable, and thus, the missiles can be made more inexpensively, and the

personnel are safer. This technology is being adapted by the other

services in varying forms such as human-transportable for the Marines,

and aircraft-launchable for the Navy and Air Force, with the Navy

investigating a dual-payout version. In addition, Far-Looking Infrared

technology for night applications is also being considered in addition

to the standard video for daytime applications [4], [13], [71].

The fly·by-wire technique has been used for some years now with

varying degrees of success. In the absence of jamming signals, fly-by-

wire has proven to be reliable. However, jamming signals, which are

always prevalent in a military environment, can render the fly·by-wire

system inoperative. The fly-by·light technique, however, is immune to
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such jamming signals and has been developed for use on aircraft. The

Army first investigated the use of fiber for control on a helicopter,

which has proven very successful. More sophisticated fighter aircraft

are being considered for the same techniques now [5].

Army—sponsored telecommunications projects are varied, but are an

important part of modernization for defense communications. One project

is the Telecommunications Modernization Project (TEMPO), which will

connect many defense locations throughout the country, including over

400 in the Washington, D.C., area alone. This system may link to the

Defense Communications System (DCS) in the future. As part of the

Defense Switched Network (DSN), TEMPO will provide a broad range of

connectivity. In addition, TEMPO will be linked to Automatic Voice

Network (AUTOVON), the Defense Data Network, and others.

The Army has investigated a Fiber Optic Transmission System (FOTS)

to replace coaxial cable for the long distance and 26—pair copper wire

for shorter distances. FOTS provides many advantages over the existing

coaxial and twisted pair systems. Improved logistics is the most

obvious advantage, with fiber requiring fewer trucks, installation

personnel, and maintenance than the copper systems. Other advantages

include the ease of upgrading, EMI/RFI immunity, and radiation

resistance. Current systems are also limited in their performance or

bandwidth capacities, so fiber optics provides an immediate advantage

[23].

The Army is also investigating the use of single-mode fiber for

communications in the Single-Mode Fiber Optic Communication System
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(SIMFOCS) [24], [28]. Characteristics of SIMFOCS are shown in Table
4.2.1. A wide temperature range is a design goal, as is high pressure.
Operation at 1,310 nm and 1,550 nm is being considered. A duplex
connector is preferable, one fiber for transmit, one for receive, with a
minimum distance of 1 km, or 1 km lengths that can be concatenated.
Other details are provided in the table.

4.3 Navy Applications

Fiber optics is penetrating all aspects of the Navy, from on board
ships and aircraft to Navy bases. Kings Bay, Georgia, is the site of a
submarine base that is adapting fiber for base-wide communications.

Fiber is being used for improving security as well as increasing

capacity. Other bases will be similarly outfitted over time [87].

Ships and submarines may be able to save up to 75 percent of the
weight of current cabling by using fiber optics for communications and
control. The inherent immunity of fiber to EMI/RFI and grounding

problems makes it ideal for use on a mobile platform such as a ship. In
addition, redundant wiring schemes can be employed to enhance

survivability. Safety of fiber cables is also proving to be paramount
to their installation on board ships, especially in view of recent
events where cable fires and smoke have caused deaths, such as on the
USS Stark in the Middle East.

The Navy has an active research program into many types of sensors,
with underwater surveillance a high priority. The ARIADNE program is an
undersea warfare sensor network, with multiple hydrophones webbed
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together to form an extremely large sensor. Some of the other sensors
being investigated by the Navy are listed below [30], [35]:

• Sonar Surveillance System (SOSUS)
• Surface—Towed Array Surveillance System (SURTASS)
• Towed Sensor Array
• Fiber Optic Sensor System (FOSS)

The FOSS will be discussed briefly here. The intent of the FOSS is

to provide the ability to deploy a large number of sensors as well as

provide remote operation. Immunity to EMI/RFI is an added benefit in

that sensing only those characteristics of interest is accomplished.

Intruder detection by the FOSS will be highly reliable, low cost, and

modular. Processing of these signals will be more reliable than current

methods since ship signatures can be stored and used for comparison in a

processing device.

Communications on board a ship are critical for effective

operation, especially in battle conditions. Figure 4.3.1 illustrates

the concept of fiber optic cabling on board an AEGIS Cruiser [105]. One

of the highlights of this concept includes concentrating signals into

intercompartment areas, to minimize maintenance and provide easy access.

These intercompartment areas are scattered over the ship. The system

provides connectivity for all types of communications, including damage

control, ship propulsion, interior communications, combat systems, and

combat system displays. Electrical plant control can also be provided
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via the fiber cabling, again due to the EMI/RFI immunity of fiber cable.

Sensors are also envisioned for incorporation into the cabling scheme,

such as temperature and pressure sensors in the engine compartments,

providing accurate information even in areas not accessible by

personnel. These types of sensors are especially critical on nuclear-

powered vessels, where areas of contamination are possible and human

contact is not advisable. Fiber sensors can provide the access

necessary to control the system [60].

Installation of fiber on board AEGIS cruisers is being phased in

gradually, with the USS Norton Sound the first to use fiber, but only in

a limited capacity. The USS Valley Forge and the USS Mobile Bay were

the next two cruisers upgraded. Other AEGIS cruisers will follow.

SAFENET is a Navy-developed LAN for on-board use that is similar to

the Fiber Distributed Data Interface (FDDI) being developed by the

commercial community. A counter-rotating, token-passing ring topology

and access protocol are being used. This topology provides ease of

reconfiguration and survivability as well as high throughput and low

latency. One goal of the SAFENET program was to make use of commercial

standards wherever possible to maintain compatibility. SAFENET,

therefore, is based on the Institute of Electrical and Electronics

Engineers (IEEE) 802.5 Standard, l6 Mb/s token ring which has already

gained wide acceptance in the commercial world. As a follow·on

development, SAFENET-II is now based on the FDDI standard, providing an

upgrade to l00 Mb/s data rates [56].
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4.4 Air Force Applications

Similar to the Army, the Air Force is also investigating replacing

fly-by-wire with fly-by-light technique. This replacement is being

investigated under the Advanced Digital Optical Control System (ADOCS).

This program is partly the result of an airplane crash that was using

fly-by-wire technology and flew through the path of a microwave cable TV

transmission, which jammed the fly-by-wire controls, rendering the

controls useless to the pilot and causing the crash of the aircraft.

Fiber optics in this case would have provided immunity to the microwave

signal. In addition, as stealth technology advances, low magnetic

profile becomes more critical, and fiber would be beneficial in

providing that low profile. In addition, replacement of over one ton of

copper cable on the B-l Bomber is being implemented.

Remotely locating personnel away from the equipment is popular with

the Army and the other services; however, the Air Force has also

recognized the benefits of remotely operating equipment from potential

targets. For example, the Tactical Air Defense System (TADS) allows

remoting of expensive processing equipment from the site of the radar

emitter--the target. In this way, Anti—Radiation Missiles (ARMs) would

only destroy the emitter and not all of the supporting equipment. This

supporting equipment could be remoted up to 2 km away.

At fixed bases, ground control radar for air traffic control and

monitoring are being connected with fiber at all Air Force bases, As

coaxial cable fails, fiber is being installed to provide those benefits
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’ of fiber such as EMI/RFI immunity and higher capacity that these types

of systems constantly demand. As Integrated Services Digital Network

(ISDN) technology becomes available, all bases will need to be

compatible. Fiber optics equipment is being installed now at many bases

in anticipation of ISDN.

A large sensor program for the Air Force includes the development

of smart structures for aircraft and other vehicles. Smart structures

is a term indicating a variety of sensors and processing capabilities to

enhance the performance of aircraft structures. Figure 4.4.1

illustrates two examples of the use of smart structures, one in an~

advanced aircraft and the other in a launch vehicle. As composite

materials are used in the construction of aircraft, it is envisioned

that fibers could be embedded in the structure to monitor the ‘

manufacturing process initially and the degradation of the structure

over time as the aircraft becomes operational. In addition, embedded

sensors could provide active surface control to compensate for damage

sustained in a battle [121].

The use of a Photonic Hit Indicator (PHI) in this fashion enables

the structure to exhibit surface control. The PHI is comprised of a

grid of optical fibers, and when a hit occurs, this grid, along with

some processing, can provide the position, time, and extent of damage

caused by the hit. Other characteristics of the PHI include low power

consumption, small volume and weight, fast response times, flexibility

to conform to any surface, and immunity to noise. Since the grid is

embedded into the structure of the aircraft, it is rugged and could
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provide a multiple hit assessment capability, since the grid would

provide many redundant paths [18].

Rockets and other launch vehicles could also benefit from smart

structures by providing embedded sensors in critical areas that can be

monitored before, during, and after launch. Critical monitoring areas
include seals and separation, pressure and temperature monitors, strain

sensors, and high·temperature monitoring of exhaust. These are

identified in Figure 4.4.1 also. Use of such sensors on the space

shuttle boosters could possibly be warranted by this technique.

I
I
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5.0 INDUSTRIAL APPLICATIONS

In this section, a variety of commercial applications are

discussed, from long-haul undersea cable systems, to short LANs and

fiber to the home. In addition, multiple-wavelength techniques are

addressed briefly.

5.1 Long-Haul Undersea Systems

The first transatlantic lightwave system was recently installed and

put into operation. This system is known as TAT-8, meaning it is the

eighth transatlantic cable system, but the first lightwave system.

Figure 5.1.1 depicts an approximate cable path showing the landing areas

and the splitting of the cable between France and England, off the coast

of France [104].

American Telephone and Telegraph (AT&T) provided the bulk of the

system--5,600 km from Tuckerton, New Jersey, to the splitting point off

the coast of France. From this point, Standard Telephone and Cable

provided the cable to England and Submarcom provided the cable to

France, as shown in the figure.

TAT—8 employs six single-mode fibers, four active and two spares.

Two of the four fibers transmit and the other two receive. The data
rate provided is 296 Mb/s per fiber and allows simultaneous transmission

of 40,000 two-way voice channels, using some compression techniques. An

average of 67 km for repeater spacings was used. The operational67
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wavelength for the system is 1,310 nm, and uses laser diodes. Since the I
laser diodes have the poorest reliability of any element in the system,

they are backed up with additional lasers for every operational laser.

In addition, these laser diodes can be switched into use remotely from

the shore.

Remote switching and power feed capabilities are provided for ease

of control over the entire system. Maintenance of the system is

expected to be minimal, with only three cable ship repairs expected

during the lifetime of the system, which is 25 years.

Since satellite capacity has been reduced, fiber optic undersea

cables are experiencing rapid growth. PTAT-l and PTAT-2 are in the

planning stages, with PTAT-1 completion expected in the near future, and

PTAT-2 expected in 1992. The routes of these two cables can be seen in

Figure 5.1.2. These two systems are supported by a consortium of

private companies, most notably Cable and Wireless of England. PTAT-l

also uses single-mode fiber, using three active fiber pairs operating at

420 Mb/s per fiber. In addition, a standby pair is also available,

making a total of eight fibers in the cable. Automatic switching is

employed to provide fast recovery from outages. A redundant power feed

is also provided on shore, to guard against power failures. In

addition, wire·armored cable is used near the shore, and is buried along

the continental shelf to aid in preventing accidental digging up or

shark bites. PTAT-2 is designed to provide redundant routing and work

together with PTAT-l [48], [49].

The Pacific Ocean will also have its share of undersea fiber

cables. HAW-4 and TPC—3 are currently being installed as well as
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[
numerous other, shorter distance undersea fiber cables throughout the

Pacific. These cables tend to be lower capacity than Atlantic cables,

operating at 140 Mb/s rates, typically [104].

5.2 Local Area Networks

LANs are becoming increasingly popular in an effort to connect

different equipment for communications and for sharing expensive

peripherals. As shown in Table 5.2.1, depending on the data rates

needed, different media are employed. As data rates increase, fiber is

becoming attractive for LANs, especially for traffic that requires low

bit error rates and high reliability [9].

Fiber optics provides a number of advantages over other media for

LANs, even slower speed LANs. Ground loop problems are eliminated with

fiber optics, which is a continuing problem for campus·wide type of

LANs. Low bit error rates are critical for intercomputer LANs, and

fiber has proven to be advantageous for these LANs.

Fiber optic LANs are now most often used in a ring topology (see

Figure 5.2.1). The ring topology takes advantage of point-to·point

links, which are easily designed in fiber optics, In addition, large

distances can be accommodated, since the signal is regenerated at each

node. Since all of the nodes use point-to·point links, expansion is

easy to provide. However, ring topologies in general have some

shortcomings, such as cable failures and node failures, which render the

network useless. Newer standards are requiring LANs to have a
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L counter-rotating ring and to provide cable redundancy and bypass

switches to ensure robustness during node failure [96], [lll].

Linear bus topologies are popular with coaxial cable networks, but

are not very popular with fiber optics. While the linear bus has a

simple topology and requires minimum wiring, the network is again

vulnerable to cable failure, although not vulnerable to node failure

(see Figure 5.2.2). Since fiber optic couplers are still somewhat

expensive, this topology would be expensive to implement in fiber

optics. In addition, the optical power levels dealt with in fiber

optics do not allow for a large number of nodes before regeneration is

required. Some short networks have been implemented with fiber optics

in a linear bus topology, but a preference for rings exists.

Star couplers were discussed under components earlier. These star

couplers are used in fiber optic networks employing star topologies.

Using a fiber optic star coupler enables a completely passive network to

be designed, with all nodes transmitting to all other nodes. The only

limitation with this type of network is that the number of nodes must be

small enough to support the power required at each receiver. A

disadvantage of the star topology, using any media, is that wiring

distances are maximized, since each node must be wired to the central

coupler. This central node also becomes a critical point of failure.

Another problem with fiber star couplers is that a certain number of

ports are ordered, based on the network design. This number is usually

a multiple of two (e.g., two, four, eight, sixteen, thirty-two, and so

on). If an original network design requires fourteen nodes and a
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sixteen-port coupler is installed, and then three new nodes need to be
added later, a new, thirty-two port star coupler would be required or

cascading two or four port star couplers would be necessary. In either

case a system redesign would be necessary. Therefore, the star topology

is not easily expanded with fiber optics. This topology is pictured in

Figure 5.2.3.

Based on telephone wiring schemes, a hybrid between the star and

the ring has been adopted by fiber optic LAN makers. This technique

uses a star-wired ring topology as pictured in Figure 5.2.4. Although

wiring distances are maximized, wiring everything to a central point

provides easier maintenance and reconfiguration. The wire center could

be active and provide additional switching capabilities, for example.

Figure 5.2.4 could be representative of a floor in an office building,

but connectivity to other floors may be desired. This connectivity

could be provided via an active component in the wiring center.

Although the cable is still vulnerable in this topology, ease of

reconfiguration at the wire center should minimize this Vulnerability,

or active switching could route around the node where the cable has been

disrupted.

The U.S. Government has adopted as standards certain protocols to

be used in Government systems. These protocols are summarized in Figure

5.2.5. and are referred to as the Government Open Systems Interconnect

Profiles (GOSIP). Note that the FDDI protocol is shaded since the

standard is not quite finalized. The station management portion of the

protocol is still being approved, but is expected sometime in 1989. The

other IEEE protocols are shown below, where the numbers indicate the

following access protocols:
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• 802.3 = Carrier Sense Multiple Access with Collision Detection

(csMA/cn;
i• 802.4 = Token Bus „

• 802.5 = Token Ring
4

The FDDI standard is compatible with IEEE 802.5. This

compatibility should allow easy incorporation of FDDI into the IEEE

standards once the American National Standards Institute Standard is

complete. The figure also shows the current physical layer standards.

Fiber optics is being added to 802.3, 802.4, and 802.5 as an option, as

well as the technical criteria that must be met. FDDI has only a fiber

medium, although different fibers are possible.

The relationship of the different LAN standards is shown in Figure

5.2.6. All of the proposed standards, or additions to standards are

currently being defined and are expected to be completed in the near

future. Note that all of the LAN standards use the IEEE 802.2 Logical

Link Control (LLC) standard as a basis. This commonality should provide

easier bridging between two different types of LANs.

One feature of FDDI that is not part of the other LAN standards is

the capability for redundancy by using a counter-rotating ring. Figure

5.2.7 exhibits how the counter-rotating ring topology is able to route

around a cable break. A similar routing is performed if a node should

fail rather than a cable. In addition, FDDI provides for the use of

optical bypass switches to allow a node to be bypassed by the network

temporarily. This capability is particularly useful during power
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outages or maintenance, when the node needs to be temporarily

disconnected from the network.

FDDI also has the highest data rate of any current standard. The

data rate is 100 Mb/s and the signaling rate is 125 Mb/s. This data

rate indicates that a 4B/5B coding scheme is used in order to provide

error checking capabilities. In addition, the 4B/5B coding provides a

more balanced signal and enhanced clock recovery from the data stream.

Another unique capability of FDDI is that both synchronous and

asynchronous traffic is supported. Priorities can be assigned

dynamically on the network, providing a great amount of flexibility to

the user.

Also under development is a standard for FDDI-II. This network

would be an expansion of the current FDDI standard and allow even higher

data rates on the network, such as 400 Mb/s. In addition, FDDI-II will

support voice and video traffic, which FDDI does not support reliably.

Figure 5.2.8 shows a depiction of the types of traffic that FDDI-II is

envisioned to support. Note that current standards will still be

compatible (802 LANs). FDDI-II would also be more compatible with such

capabilities as high-speed graphics workstations, where FDDI could be

easily overloaded.

5.3 Multiple Wavelength Techniques

One technology that should be discussed in conjunction with LANs

and other commercial technologies is that of wavelength division
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multiplexing (WDM). WDM allows greater advantage to be made of fibers

by combining multiple signals on a single fiber. Combining wavelengths

onto a single fiber is accomplished by a variety of techniques. One

technique is to use a fiber optic coupler, with each input providing a

different wavelength or color and the coupler combining the colors and

outputs onto a single fiber. A similar process is performed at the

receiving end, where all of the colors are divided (split) according to

wavelength, or all colors are provided to all receivers and filters are

used at each receiver based on the color it is designated to receive.

Other techniques include using prisms and/or gratings to combine and

split the colors. Figure 5.3.1 depicts the WDM [91], [95], [96].

Another technique that uses WDM is coherent technology. This

technology employs the receive side of a system by using a local

oscillator to enhance the sensitivity of the receiver. This technique

is not new, but it is relatively new to fiber optics. One of the major

difficulties of coherent detection is the matching of the transmitter

and receiver source. Since these sources are laser diodes, they are

difficult to duplicate exactly, such that the theoretical sensitivity

limit has not yet been achieved. However, as Table 5.3.1 shows,

extensive research is being conducted to reach this ultimate limit [22].

Combining WDM and coherent detection would provide the ultimate

fiber optic system. These two techniques would take advantage of the

inherent bandwidth capacity of fiber. Another use would be in providing

a large number of channels on a single fiber, useful in a number of

areas such as cable television. As coherent detection improves, the
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wavelengths could be located closer together, providing more capacity.

The true capacity of fiber optics begins to be realized when these two

techniques are combined.

5.4 Fiber in the Local Loop

While fiber is being used extensively in the long—haul telephone

network, fiber in the last mile, that is from the central office to the

home, has not yet been realized on a large scale. Fiber could provide

many advantages for home use, but regulatory and installation issues, as

well as cost considerations, need to be resolved first.

Figure 5.4.1 illustrates a current concept for how fiber could be

brought into the home and what services would be provided. However, in

order for the telephone carrier to provide fiber to the home soon, costs

must be sufficiently inexpensive to justify the installation based on

plain old telephone service (POTS) alone. Since the other services are

not necessarily within the telephone company's jurisdiction, the

telephone company cannot base their costs on any new revenue

anticipated. Cable television (CATV) companies are also investigating

the use of fiber optics for their service, meaning two fibers coming

into the home, one for TV, the other for POTS. Figure 5.4.1 shows a

centralized switching concept to provide multiple services. This

concept could allow the telephone company to provide the fiber,

telephone service, and maintenance of the line, but the CATV company

would provide programming to the central office for switching to a
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customer. The CATV company could then keep track of their own billing

and services, while the telephone company would provide the utility or

cable service only, plus telephone. The other services are questionable

at this time as to who would provide them, but the telephone companies

are investigating some of these services for inclusion on existing

telephone lines. ‘

Many techniques for providing multiple services over fiber optics

directly to the home are being investigated in the field. Table 5.4.1

lists some of these field trials and where they are being tested, as

well as some of the services provided in the trial. More field trials

are being planned for the future [40].
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6.0 FUTURE

Fiber optics and its associated technologies will continue to

exhibit strong growth in the future. Defense applications, especially

the use of sensors, will continue to grow, as will the use of

gyroscopes. Other related technologies, such as optical computers and

integrated optics, will also grow in conjunction with advances in fiber

optics. The future of fiber optics is discussed here in relation to two

major topic areas: military applications and industrial markets.

However, the future of fiber optics is not necessarily dependent on who

is doing the development. In general, the technology is being used for

sensors, communications, and a number of other applications. It is the

demand for these techniques and the advantages of fiber optics that spur

the growth and development in this field.

6.1 Military Applications

The defense community will be procuring fiber optic components at

an ever-increasing rate over the next ten years. Figure 6.l.l shows

this expected growth from 1987 to 1997 for transmitters, receivers,

cable, couplers, and connectors. Although the relative percentages of

each component do not vary greatly, the amount spent overall in the ten

years increases by a factor of about twenty-five. At the ten-year mark,

more is expected to be spent on cable, probably as part of large sensor

arrays [63].
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In addition, fiber gyros will increase in popularity for use on

aircraft, missiles, projectiles, ships, spacecraft and other vehicles. I

From 1990 to the year 2000, sales projections are expected to increase

by a factor of almost 4,000. These figures are, of course, projections,

but are based on current research and marketing data. Figure 6.1.2
I

depicts this growth. The advantages of fiber optic gyros were discussed

earlier, with small size and high reliability cited as driving factors

for their use [85].

Fiber optic sensor systems, although predominantly for military

uses, will see increased growth over the next ten years as depicted in

Figure 6.1.3. Industrial/medical applications will increase, but not as

much as military and Government applications for the same time period.

A factor of only about two is expected to be exhibited in the world

market for fiber optic sensors from 1990 to 2000. Part of this smaller

factor can be attributed to a decline in fiber optic component costs

during that period.

Many applications and programs for fiber optics use in the defense

community were not covered in this paper, some for classified reasons,

and others due to lack of space and time. The literature provides up-

to-date reports on the latest unclassified applications. Classified

applications are usually restricted on a "need-to-know" basis, along

with the sensitivity of the specific project.

6.2 Industrial Markets

One area of expected growth for fiber optics will be LANs. As

mentioned previously, the increasing demand for higher data rates and
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capacity indicates fiber as the only medium capable of handling such

'

capacity cost-effectively. The future will see the advent of single-

mode, fiber-based LANs as well as the completion of FDDI and FDDI-II.

Time Division Multiplexed (TDM) rings, at high speeds, using fiber

optics, may be another area open to fiber optics,

LANs will be seen in all types of businesses, from the office, to

universities, in factories and in hospitals. As depicted in Table

6.2.1, a great amount of resources will be spent over the next few years

by installing LANs in these areas. In the near future, the office

market will dominate, and continue to dominate the market; however,

other applications will see more rapid growth, such as factories and the

medical community.

Fiber in the local loop or fiber to the home will be highly debated

topics over the next few years. New housing developments will probably

incorporate fiber optics now, while older homes will have to wait quite

a while before fiber is available to them. However, as ISDN becomes

more popular and pervasive in the business community, fiber to the home

may follow as a result.
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7.0 CONCLUSIONS

In conclusion, fiber optics technology will become more cost-

effective in the future as component production volumes increase and new

manufacturing techniques are developed. This increase will also be the

result of continued research and development efforts by Government and

industry. Fiber optics will likely expand into application areas

currently not envisioned as new properties and fibers are developed.

The military community will use fiber extensively for

communications as well as for sophisticated sensor systems. A merging

of these two capabilities will provide better control and more accurate

data for these systems.

The industrial community will continue to exploit fiber optics and

improve the existing technology. New applications will be developed to

meet specific needs in industry and to solve existing problems.
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GLOSSARY
ADOCS Advanced Digital Optical Control System
APD Avalanche Photodiode
ARM Anti·Radiation Missile
AUTOVON Automatic Voice Network
C Centigrade
CATV Cable Television
CSMA/CD Carrier Sense Multiple Access with Collision Detection

dB Decibel
dBm Decibels referred to l milliwatt
DCS Defense Communications System
DEMUX Demultiplexer
DSN Defense Switched Network

EE-LED Edge-Emitting LED
EMI Electromagnetic Interference
EMP Electromagnetic Pulse
E/O Electro·Optical

FDDI Fiber Distributed Data Interface
FET Field Effect Transistor
FOG-M Fiber Optic Guided Missile Program
FOSS Fiber Optic Sensor System
FOTS Fiber Optic Transmission System

GATERS/AROD Ground/Air Telerobotic System/Aerial Remotely Operated Device
Gb/s Gigabits per second
GHz GigaHertz
GOSIP Government Open Systems Interconnect Profiles
HMF Heavy Metal Fluoride

IDOCS Intrusion Detection Optical Communication System
IEEE Institute of Electrical and Electronics Engineers
ISDN Integrated Services Digital Network

km kilometer

LAN Local Area Network
LD Laser Diode
LLC Logical Link Control

pm Micrometer (lO’6 meters)

mA Milliampere
Mb/s Megabit per second
MHz Megahertz
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MTBF Mean Time Between Failures
MUX Multiplexer
mW Milliwatt

nm nanometer (lO°9 meters)
NSA National Security Agency

PHI Photonic Hit Indicator
PIN Positive-Intrinsic-Negative

RFI Radio Frequency Interference
ROBAT Robotic Obstacle Breaching Assault Tank
ROV Remotely Operated Vehicle
RX Receiver

I SIMFOCS Single-Mode Fiber Optic Communication System
SE-LED Surface-Emitting LED

TADS Tactical Air Defense System
TDM Time Division Multiplexed
TEMPO Telecommunications Modernization Project
TX Transmitter

WDM Wavelength Division Multiplexing
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