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OPTIC SYSTEMS

Howard Wichansky
US Army Communications Research

and Development Command
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ABSTRACT

Achieving a ruggedized optical fiber cable and connector is the key to implementing Army
fiber optic communication systems. The paper describes the results of a series of programs
to develop the required cable and connector. Efforts to incorporate low loss optical fibers
into a practical cable construction as well as optical transmission and mechanical
properties, environmental resistance, and cost are discussed. Resistance of the cable to
moisture and temperature exposure, tensile stress, impact, bend, and twist are summarized.
The paper also includes concurrent development of a fiber optic connector consistent with
the military environment. The alignment factors contributing to coupling loss are presented
along with various concepts being employed to achieve fiber alignment. The details of a
three-sphere connector design pursued under Army contract are included.

INTRODUCTION

The Army has made considerable progress toward replacing metallic cable with optical
fiber cable in its tactical communication systems. This replacement is concentrated on
specific operational elements within the present field systems that utilize the standard twin
coaxial cable, CX-11230, and 26-pair cable, CX-4566. This paper will describe the efforts
to develop the required cables and connectors for these systems. Two major systems are
under development and are outlined in Table I. Ruggedized cables that contain six
multimode optical fibers each used on a single fiber per transmission channel basis are
planned for both of these systems. Reliance is primarily on differences in the optical fiber
characteristics to satisfy the specific requirements of the two systems. A connector
compatible with both fiber optic cables is desired. These components must, when
combined with the desired electrooptic interface, be fully compatible with current metallic
communication links and possess the ruggedness demanded by the military environment.
The tactical situation requires rapid and frequent deployment and recovery in an
unprotected area. The cable and connector (assembly) are subjected to considerable
handling and to direct exposure to the elements.



TABLE I - Major Systems Using Six Fiber Cable

System Application Replaces Range Repeaters
Data
Rate Fiber

Long Haul TDM
Cable System

Down Hill Long Haul,
High Data Rate
Central Office

Twin Coaxial
Cable,
CX-11230

  8 km
64 km

None
8

   20 Mb/s 
2.3 Mb/s

Graded
Index

Local Distri-
bution Cable
system

Intershelter Wiring,
Shelter to User Line

26 Pair Cable,
CX-4566

30 m
  2 km

None
None

30 Mb/s
  5 Mb/s

Step/
Graded
Index

CABLE APPLICATIONS

The introduction of fiber optic cable into communication systems represents a substantial
advantage of size and weight over current cable. Improved system performance associated
with fiber optic cable is immunity from crosstalk, electromagnetic interference (EMI), and
grounding problems. The magnitude of the physical benefits are shown in Table II. A
comparison of a reel containing 0.15 km (500 feet) of 26-pair cable to a reel containing
fiber optic cable is illustrated in Figure 1. The metallic cable reel requires a two man team
for deployment while the fiber optic cable can be held in one hand and unspooled with the
other. The excessive size and weight of the 26-pair cable is a result of the shielding
required to lower crosstalk.

TABLE II - Comparison of Metallic and Fiber Optic Cable

Fiber Optic
Cable

26-Pair
CX-4566

Coaxial
CX-11230

Diameter (mm) 6.35 17.8 9.5

Weight (kg/km 30 419 88

Maximum Length/
Spool (km)

1 .076 0.4

The system needs as shown in Table I divide the ground based communication system into
long distance links addressed in the long haul time division multiplexed (TDM) cable
system and the short to moderate distances addressed in the local distribution cable
system. To satisfy the data rate/transmission range requirements of the TDM system,
graded index multimode fibers are required. These optical fibers have the capability of
handling digital data at rates up to 20 Mb/s in unrepeatered system lengths up to 8 km and
rates to 2.3 Mb/s in repeatered system lengths up to 64 km. The unrepeatered fiber optic
cable system eliminates 19 repeaters presently required in coaxial cable systems. A study1



has shown that as a result of size and weight reductions in the TDM system with fiber
optic cables, logistical support would require two 1¼-ton trucks instead of the four 2½-ton
trucks presently required. In the local distribution system, the shorter range, 30 m to 2 km,
allows for the use of optical fibers with higher attenuation and greater dispersion. Step-
index all glass fibers or plastic clad silica core fibers are being considered.

CABLE DESIGN

Specific optical and mechanical properties of the cable will be discussed in terms of design
features required to achieve the performance desired. The various elements contained in
the cable serve a function related to specific cable characteristics. The optical performance
is greatly influenced by the protective coating or buffer on the optical fiber. The tensile
strength is largely determined by strength members incorporated as bundled yarn. The
impact resistance can be significantly improved by the proper choice of the cable
jacketing. Several cable configurations incorporating these features are explored with the
testing results provided. The concepts of cable construction apply equally to the use of
both glass fibers and plastic clad silica fibers; however, discussion will be confined
primarily to the experience with cabling of plastic clad silica fibers for the local
distribution system.

CONCEPTS OF CABLE CONSTRUCTION

Optical Performance

The optical attenuation of fibers increases after incorporation into the cable as a result of
microbending losses. Cable design should minimize microbending losses by avoiding
contact of the fiber with irregular surfaces and eliminating pressure or tension that can
cause forces to exist within the cable that exaggerate the effect these irregularities exert.
These residual forces are often responsible for attenuation increases when the cable is
subjected to temperature extremes. The fiber itself can be made more resistant to
microbending losses by decreasing core size and increasing the numerical aperture. These
adjustments are limited since core size reduction will lead to higher connector coupling
loss and higher numerical aperture will cause higher attenuation. However, the most
effective means of minimizing microbending losses is the application of the buffer coating
to the fiber. The choice of buffer materials and their homogeneous application, is very
critical. The surface of the various cable elements should also be made as smooth as
possible. A source to be considered is the contact at crossover points that strength
members or other fibers make with the fiber as they are helically laid within the cable
structure.



Tensile Strength

Through the effective use of strength members, excessive strain in the optical fiber can be
avoided. The stress-strain relationship for various candidate strength members and silica is
shown in Figure 2. It can be seen that for a given level of stress the higher modulus
materials show smaller strain (elongations). As a result, the silica fibers’ elongation will be
restricted to the elongation experienced by the strength members. This assumes that the
strength members will carry almost the entire load. KevlarR 49 was chosen because it has
the highest Young’s Modulus of those materials currently available which are not
electrically conducting. A 1 percent strain can conservatively be tolerated by current glass
fibers without breakage. At this level, KevlarR yarns will support stresses of about 175 K
psi. Since the strength member cross-sectional area can be increased independent of the
fiber area, cable can be constructed to withstand 181 kg tensile loading.

Impact

Because of the brittleness of glass fibers, the impact resistance of fiber cables has been
lower than their metallic counterparts. Several factors have been identified to improve
impact resistance. First, a principal point of fiber breakage during impact has been at
crossovers, particularly over other fibers. These crossovers should be minimized. Second,
the fibers should be laid in the cable so as to avoid any deflection of the fibers on impact.
Third, cushioning beyond that achieved with buffer coating should be provided. The jacket
serves this purpose in addition to protecting against abrasion and providing a moisture
barrier. Materials with the necessary resilience, such as polyurethane, are required to
absorb the energy of impact.

PERFORMANCE OF FABRICATED CABLE DESIGNS

Initial Ruggedized Cable

The first Army program to develop ruggedized cable was initiated with Corning Glass
Works in 1973.3 The objective of that effort was to reduce the redundancy required for
optical fiber transmission (e.g., bundles of 61 fibers vere used), to cut the cost of cabling
required for fiber optic transmission, and to establish the feasibility of using the cable
under tactical field conditions. Transmission via single multimode fiber was first
considered plausible as a result of the success of the cable design shown in Figure 3. The
characteristics of the cable are shown in Table III. The salient features of the cable design
are: (1) each glass fiber is coated with KynarR buffered with a loosely extruded
polyurethans coating, (2) a buffered optical fiber is used as a central support member, (3)
two parallel KevlarR strength members provide tensile strength, and (4) extruded
polyurethane serves as a jacket and encapsulant. This cable structure demonstrated that



fiber optic cables can withstand a variety of mechanical and environmental tests similar to
those required of metallic cable, subject to derating only in the area of impact resistance.
The fiber buffering and subsequent cabling process had no adverse effect on fiber
attenuation.

TABLE III - Properties of Initial Ruggedized Cable

Fiber Type Glass-step index
Cable Diameter 5 mm
Cable Attenuation 5-9 db/km

Tensile Load 57 kg
Duration of Load 1 minute

Impact Resistance 1.4 Nm
Number of Impacts 200 impacts

Local Distribution Cable

Improvements in cable performance have resulted from cable designs investigated for the
local distribution system by ITT Electro-Optical Products Division2. The approach was to
maintain or improve the mechanical and environmental qualities of the cable with a design
that had the potential for lower cost. With the shorter distances from 30 m to 2 km
established for the local distribution system, higher attention could be tolerated in the
cable. This provided the possibility of using plastic clad silica fibers. As shown in
Figure 4, the attenuation of this type of fiber is not consistently as low as chemical vapor
deposited (CVD) glass fibers of the type used in the initial cable program mentioned
above. The attenuation of the plastic clad fiber is most dependent on the type of polymeric
cladding. It was determined that silicone RTV coated fibers had the lowest attenuation of
the polymeric materials investigated. Figure 4 also depicts the superiority of the silicone
RTV over a Teflon PFA clad fiber. An abrasive resistant jacket of Teflon PFA was
extruded over the soft silicone cladding. This combination of silicone RTV and a hard
polymer is also a highly effective buffer coating for CVD fibers.

These fibers were incorporated into two cable structures, a central strength member
(CSM) and an external strength member (ESM) design. These two structures are shown in
Figure 5. The CSM design has an internal strength member of helically laid 19-strand
impregnated KevlarR 49 with an outer braid of KevlarR 29. About this central core are
helically laid the six optical fibers along with polyester fillers. A helically wrapped TFE
tape is applied to keep the fibers in place during extrusion of the cable and to reduce
friction betweenthe fiber layer and the outer polyurethane jacket. The ESM design



resembles the initial fiber optic cable of the previous section. A bundle of seven helically
laid fibers are in the center and polyurethane is used for the inner and outer jacket.
Substantial modification includes, however, the use of nineteen KevlarR 49 strength
members helically laid about the inner jacket and covered with TFE tape. The distributed
nature of the strength members and the long lay length result in both reducing the tensile
loading in the fibers and giving the cable flexibility in all directions.

Cables fabricated with these designs were subjected to a complete regime of testing. The
results are summarized for both cable designs in Table IV. Neither cable type proved to be
markedly superior, both exhibiting excellent resistance to mechanical and environmental
conditions. The ESM design showed slightly lower cabling loss and better bend test results
than the CSM design. Yet, the CSM design had greater impact resistance. The impact
resistance at room temperature of 2.6 Nm for the CSM design, although improved over the
earlier cables, is still short of the 6.0 Nm for 200 impacts desired for tactical use. The
tensile strength likewise was significantly improved from levels of 57 kg shown in
Table III for the initial ruggedized cable to levels of 181 kg indicated in the attenuation
versus tension test shown in Table IV. Jacket slippage was observed during tensile testing
and was attributed to the TFE tape present in both cable designs. It was also confirmed in
the latter test that in addition to the absence of fiber failure there was no increase in
attenuation at this load. A loss of transmission was experienced in both cable designs at
low temperature. This difficulty has been attributed to density changes in the silicone RTV
cladding that result in substantial changes in refractive index.

TABLE IV - Performance of Local Distribution Cable

Test Central Strength Member External Strength Member

Cabling Losses No appreciable increase Same

Impact Resistance Survived 200 impacts:
2.6 Nm @ +25EC
3.4 Nm @ +85EC
4.7 Nm @ -45EC

Survived 200 impacts:
2.0 Km @ +25EC
3.4 Nm @ +85EC
4.7 Nm @ -45EC

Bend Test Survived 2000 cycles @ RT, 1000
cycles @ -55EC, +85EC
(Two fibers in one cable
failed @ +85EC)

Same

(No fibers failed)

Twist Survived 2000 cycles @ RT, 1000
cycles @ -55EC

Same

Attenuation vs
Tension

No change - 8 increments to 181 kg
load or fiber failure

Same



Fatigue 2 mo. at 45 kg - no fibers failed;
no significant change atten.

Same (slightly higher
attenuation increases)

High Temperature
Attenuation

No significant increase attenuation
@ +85EC; Modest increase attenuation
(post-test) @ 24EC

Same

Low Temperature
Attenuation

Severe increase in attenuation
@ -55EC; No change attenuation
(post-test) @ 24EC

Same

Moisture Resistance 4 to 5 db/km increase in
attenuation

Same

Optima Local Distribution Cable

As a result of investigations of the CSM and ESM design, a refined cable structure was
developed. The configuration of the optimized cable is presented in Figure 6. Alterations
to the ESM design have been made to increase impact resistance, reduce cost, eliminate
jacket slippage, and improve outer appearance. The buffering on the plastic clad silica
fibers has been increased to further minimize microbend effects and increase impact
resistance. HytrelR was found to be a less expensive and readily applied coating material.
Introduction of non-impregnated Kev1arR 49 and the removal of the TFE tape was carried
out to achieve proper jacket friction. The polyurethane of the outer jacket has been
changed to a flame retardant polyether grade with green, matte appearance. Modifications
in the yarn denier to increase strength and change in dimension have been made to
accommodate the larger fiber bundle.

Initial tests performed on this cable included impact, bond and evaluation of jacket
slippage. Impact resistance of the cable over the temperature range +85EC to -55EC is
given in Table V. Increased impact resistance over those values achieved by the cables of
the CSM and ESM design was observed at an but -55EC. The low survival rate at this
temperature was a result of fracture of the brittle polyurethane outer jacket. Various grades
of polyurethane must be further evaluated. The optimum cable survived the bend test as
indicated in Table IV. The modifications were successful in eliminating jacket slippage.
Further testing of this cable design is anticipated.



TABLE V - Impact Resistance of Optimum Local Distribution Cable

Percent Fibers Surviving at
Temperature (EC) 4.0 Nm 4.4 NM 4.7 Nm

+25   94   79   79
+85   95   88   90
-30 100 100 100
-55   62   31   41

CONNECTOR APPLICATIONS

A major barrier for implementation of Army fiber optic systems is the development of a
reliable connector having low coupling loss. In the communication systems previously
mentioned, the connector must be capable of joining the fibers repeatedly with less than
1.0 db optical coupling loss. The connector must be compatible with the fiber optic cables
developed for the two Army systems. Fiber-to-fiber mating of the six individual fibers is
required as well as termination of the cable strength members to provide cable retention.
Other desired features of the connector are: hermaphroditic design (identical connectors
mate with each other), simplicity of design, low cost, compactness, protection of fiber
mating surfaces, ease of cleaning, and ease of assembly. Many of these features are
directly related to establishing a design that has the desired ruggedness. The durability
required is not unique to the military but exists in any practical situation where repeated
mating and handling by routine procedures is encountered.

FACTORS INFLUENCING COUPLING LOSS

The fundamental consideration in designing a fiber optic connector is the achievement of
fiber alignment. Ideally, it is desired that the two fibers be exactly aligned, in intimate
contact, without any optical discontinuities. Insertion (coupling) loss increases resulting
from fiber misalignment can be treated quantitatively4. Figures 7 to 9, respectively,
examine the effects of lateral displacement, end separation, and angular misalignment. The
lateral displacement in Figure 7 and the end separation in Figure 8 are both expressed as a
ratio relative to the core diameter of the fiber. Since these effects are additive, it can be
seen that the design of a fiber optic connector is a difficult task. The following are typical
contributions to insertion loss experienced in the design of the three-sphere connector (to
be described later): (1) lateral insertion loss 0-3 db, (2) end separation loss 0.2 db, and (3)
angular insertion loss 0.05 db. These results are based on fiber numerical aperture of 0.2,
radial displacement and separation ratios of 0.05, and angular misalignment of about
¼ degree. Assuming common core diameter of 100 µm (0.004 inch), the lateral
displacement is only 5µm (0.2 mils). A small fiber separation is desired to prevent damage
to the fibers. The total loss is 0.85 db when Fresnel losses of 0.3 db at the fiber end



interfaces is included. Other effects not considered are losses derived from mating of non-
identical fibers and irregularities in the fiber end faces from improper fiber end
preparation.

CONNECTOR ALIGNMENT CONCEPTS

Many concepts have been investigated to achieve the necessary fiber alignment. Table VI
identifies the concepts as being variations of three principal categories. Examples of
connector concepts used by several companies are listed in each category. In category I,
fabrication of parts to tight tolerances is employed. Where precision machining and casting
are used, the fiber is precisely located within a ferrule with an alignment fixture. Another
method is to integrate a watch jewel into the ferrule. In category II, inventive designs are
used to reduce the need for precision on connector parts. In category III, inexpensive
hardware of high tolerance that is available from other sources (e.g., rod stock and ball-
bearings) is used in various nesting geometries to locate the fibers. The majority of these
connectors are in a form suitable for mating a single fiber and the construction is not
designed for rugged field conditions.

TABLE VI - Fiber Optic Connector Concepts

THREE SPHERE CONNECTOR

In an effort to develop a militarized connector, an adjustable three-sphere design illustrated
in Figure 10 has been pursued by ITT Cannon5. The adjustable feature serves to
accommodate fiber tolerances (diameter variations of 5%). The diameter of the precision
ball-bearings, which are 0.8 mm (31 mils), is selected to permit oversized diameter fibers
to be held within the nest without full sphere closure. Lateral alignment is achieved by the
internesting of two groups of three spheres brought together by spring action. A gap of
4 µm is precisely set to prevent fiber damage. A larger sphere set atop the nest is used to
position the fiber within each ferrule. Angular alignment is assured by retaining the fiber



within the long guide at the rear of the ferrule. As previously described, typical coupling
loss of 0.85 db has been achieved with losses of 0.5 db possible. Designs have been
complete for advancing the concept to a six fiber, hermaphroditic connector.

CONCLUSION

An effort has been made to establish design concepts for the development of optical fiber
cable and connectors. The use of these concepts has been demonstrated by citing specific
cable and connector designs pursued under Army programs. These efforts are aimed at
military applications but have substantial impact on the commercial sector. It has been
shown that fiber optic cables have been developed that can withstand rugged field
conditions. The fiber optic connector effort has proceeded to concept verification.
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Figure 1 - Comparison of Fiber Optic Figure 2 - Stress-Strain Relationship
Cable to Metallic Cable for Candidate Strength

Member Material

Figure 3 - Initial Ruggedized Cable Figure 4 - Spectral Attenuation of
CVD and Plastic Clad Silica

Fibers



Figure 5 - Local Distribution Cable

Figure 6-Optimum Local Figure 7 - Effect of Lateral
Distribution Cable Displacement



Figure 8 - Effect of End Separation

Figure 9 - Effect of Angular Misalignment

Figure 10 - Perspective Illustration of  Three Sphere Connector


