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THEME

Rapid developments in laser semiconductors and low loss optical fibres are responsible
for new applications in the areas of communication, imaging and data transmission in general.
Optical fibres provide a high degree of communication security, freedom from electronic
interference, large length-bandwidth product, and system miniaturization through their small
sizc. The combination of all these features leads to new concepts and unique applications in
military hardware.

The purpose of this conference is to review and present the latest developments in fibre
and integrated optics, stressing their military applications and emphasizing the topics of
major interest to the Avionics and Electromagnetic Wave Propagation Panels: End Devices,
Coupling and Propagation Mechanisms, Optical Cables and Systems.
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EDITOR’S INTRODUCTION

Recent world conferences of Fiber Optics have been dominated by the telecommunication
industry stressing telephone applications. Unlike those, this meeting emphasizes the develop-
ment of complete systems and devices for military applications.

The meeting covers three major areas:
Overview and Complete Systems: Session | and 2, respectively
Integrated Optics: Session 3

Components: Fiber Propagation, Session 4; Sources and Detectors, Session 5;
Couplers, Session 6

The outstanding resulits of the Conference are presented in the Session Summaries of
these Proceedings. Among the most promising dlevelopments, we note:

marine application of optical fibers in underwater cables,

operational fiber-optic systems with high data rate,

use of large-diameter wide-bandwidth fibers supporting a few lower order modes,
a novel injection laser, capable of fine tuning and coupling into a single mode
fibre,

®  along-life, stress-free double heterostructure GalnAsP/InP diode laser operating
CW, at room temperature, between 1.10 and 1.31 um.

viii




Review and Assessment of Fiber Optics for
Military Applications

By

Henry F. Taylor
Naval Electronics Laboratory Center
San Diego, CA 92152

SUMMARY

Component technology, system design considerations, and military applications of optical fiber communications are reviewed
in this paper.

The basic components include optical transmission lines, transmitters, receivers, repeaters, connectors, and bus couplers.
Characteristics of these devices which have a particular bearing on military usage, such as environmental and radiation effects, are
emphasized. Recent results representative of the state-of-the-art in component technology are indicated.

Factors which affect the selection of components for a particular system are discussed. The most important of these are cable 1'
length, analog or digital signal bandwidth, system environment, reliability requirements, and cost constraints. Some of the options
available in selecting components to meet these system criteria include compound glass or silica fibers, fibers with step index or
graded index profile, single fiber or multifiber cables, light-emitting diode or injection laser sources, and PIN or avalanche photo-
diode detectors.

Some of the military systems applications which are being actively pursued include digital point-to-point links and multi-
terminal busses for ships, aircraft, and land bases, secure systems for voice and video, tactical land-line telemetry links, and undersea
cables for transmitting sonar signals. Some systems which have been successfully demonstrated are described. In each application
area, the proven or anticipated benefits of using fiber optics are discussed.

INTRODUCTION

The technology of optical fiber communications (which includes transmitters, receivers, and connectors, as well as the optical
transmission lines) has evolved rapidly during the 1970’s (Gloge, D., 1976, Campbell, L. L., 1976;Campbell, J. R. and Bryant, J. F., 1977,
Barnoski, M. K., 1976; Personick, S. D., 1975; DiDomenico, M., 1974; Miller, S. E., et al., 1973; Maurer, R. D., 1973). The most im-
portant barriers which were perceived at the beginning of the decade — the high attenuation of fibers, problems associated with
cabling of glass and silica fibers, and the reliability of injection laser light sources — have by now been largely overcome. The empha-
sis has therefore shifted from research to engineering and manufacturing. Industrial efforts in these areas are accelerating, as the
potential market for components now appears much larger than many had anticipated a few years ago. The introduction of standard
lines of components and of MIL-qualified components over the next few years can be confidently anticipated. It is also expected that
the cost of components will continue to drop fairly rapidly, making fiber optics communication cost-effective for an increasing num-
ber of civilian and military applications.

This paper reviews the basic components, discusses system design considerations, and describes some present and anticipated
military applications for fiber optics communication.

COMPONENTS

The basic components for fiber optics communications are the optical transmission lines, transmitters, receivers, repeaters,
connectors and splicers, and bus couplers. The transmission lines, transmitters, receivers, and connectors are now available commer-
cially, with several manufacturers for each component. Facilities for the testing of components have been assembled at several
military and industrial laboratories. Strong efforts are underway toward standardization of military component types, in cooperation
with the appropriate industrial committees.

Fiber Optics Transmission Lines (Maurer, R. D., 1973; French, W. G., et al., 1975)

An optical transmission line consists of a jacketed cable containing the fibers, and often, in addition to the fibers, strength
members, electrical conductors, and additional material for protecting the fibers against crushing.

Conceptually, the simplest type of optical fiber consists of a dielectric cylinder of refracti e index n; surrounded by a second
medium of index ng. A light ray entering the cylinder at an angle # to the axis, in a plane containing the axis, will be confined to the

cylinder by total internal reflection if
[ 2 2
ngsin 6 < no-ny

However, in practice, if the fiber material is uniform and is surrounded by air, minute irregularities at the glass-air interface cause
much of the light to be lost by scattering at each encounter with the surface. The surface scattering problem can be eliminated if
the fiber consists of a core of high-index material surrounded by a cladding of lower index. The condition for confinement becomes

’ / 3 :
ngsin 6 < no-n,

where n| and n, are the core and cladding refractive indices and ng is the index of the medium in which the incident ray propagates.
(Usually, this medium is air, so ng = 1.00,) If the cladding is several wavelengths thick, the light will propagate in the core and clad-
ding and not contact the surface. Two important fiber parameters are the acceptance angle 0, the angle of the most oblique ray
which is totally reflected, and the numerical aperture, abbreviated NA, which are given by




sin0=,=NA=\/nlz-n22 :

The ray-tracing analysis of fiber propagation is accurate only in fibers which support at least several guided modes. Only one
guided mode of a given polarization will exist in a circular, step-index fiber if v < 2.405

S\ [ 2
(N

where a is the fiber radius and X is the optical wavelength (Snitzer, E., 1961). If (n| - ny)/n| < 1, the modes are essentially plane
polarized. For large v, the number of guided modes of a particular polarization is approximately v</2.

The initial distribution of power among the modes depends upon the spatial and angular distribution of the incident light
beam. In particular, an input beam which propagates nearly parallel to the axis and fills the entire fiber core excites primarily low-
order modes, while a beam which propagates at a large angle to the axis excites higher-order modes.

Power in a particular mode propagates along the fiber axis with a velocity Vg, known as the group velocity, which is given by

Vg 6_3_
dw

where f is the mode propagatic 1 constant and w is the radian frequency of the light wave. In a step-index fiber, V_ decreases with
increasing mode order. This is explained by noting that rays incident at a large angle to the fiber axis, which excite primarily higher-
order modes, travel a longer path in the fiber than a paraxial ray, which excites low-order modes. Thus, the component of velocity
along the axis is lower for high-angle rays (or high-order modes). The transit time tq for a paraxial ray is

t0=n|L/c

where L is the fiber length and c is the speed of light in vacuum. The difference in transit time At between a ray entering at an
angle 6 and a paraxial ray is

At= (nyL/c){seclsinl(sin 6/n}) ~ 11} )

Assuming that the incident cone of light fills the numerical aperture of the fiber, this formula gives the pulse broadeaing due
to the difference in mode (or ray) propagation velpcities (“intermode dispersion™) expected from a temporally narrow incident puise,
with 0 replaced by 0,. This behavior does not hold for long fibers, because high-angle rays usually suffer greater attenuation than
paraxial rays, and because of mode conversion. Mode conversion is caused by inhomogeneities in the refractive index of the fiber and
by bends in the fiber axis. For sufficiently long fibers, it is predicted (Personick. 8. D., 1971) and observed (Cohen and Personick,
1975) that pulse spreading due to intermode dispersion is proportional to V/L, rather than to L. The transition from L tov/L depend-
ence is typically found to occur at lengths of the order of 1 km. A reduction in pulse spreading by a factor of five or more below that
predicted by (1) has been observed in long fibers.

Intermode dispersion limits the information capacity of a step-index multimode fiber to a value which is unacceptably low
for many wideband, long distance systems. Intermode dispersion can be eliminated by using a single-mode fiber. Extremely low
(<50 ps/km) pulse dispersion is possible, but the spatial and angular tolerances for coupling hardware even using laser sources are so
severe (~ 1 um, ~1 mrad) that practical single-mode systems are still some years in the future. A more satisfactory solution, at least for
the present, is the graded-index fiber. In a fiber with a parabolic index distribution, the rays which must travel the greatest distance
in the fiber also have a higher average speed. The net result is that the transit time for all rays is, to first order, the same. As a conse-
quence, pulse dispersion for a graded-index fiber with a nearly-parabolic profile in the core is much lower (Cohen, L. G., et al., 1975;
Olshanski, R., and Keck, D. B., 1976) (<Ins/km) than for a step-index fiber (~30-50 ns/km for NA ~ 0.15). Refractive index pro-
files for step multimode, step single-mode, and graded-index fibers are illustrated in Fig. 1.

Another source of pulse spreading in fibers, known as material dispersion, results from the fact that the group velocity
depends upon wavelength in any material medium. The spread in group velocities for a light source with a wavelength spread A is

aVg
AVg <87\ ) AN
aVg i

-K 9 ps/A. For light-emitting diode sources, where A is relatively large (~400A), material
dispersion can be the dominant source of pulse distortion in graded-index fibers.

In fused silica at 8000 A, for example,

Step-index or graded-index glass or sil.ca fibers are produced either by drawing from a preform or from the melt using a
double crucible arrangement. One of the earlier preform techniques employs a rod of high-index glass inserted in a hollow tube of
lower refractive index. One end of the rod and tube is heated to softening and drawn to a fiber. The ratio of rod and tube diameters
is maintained in the fiber as the ratio of core to cladding diameters. A newer inethod utilizes ion exchange in a hot salt solution to
produce a nearly-parabolic index profile in a glass rod preform, which is subsequently drawn into a graded-index fiber.

The major innovation in low-loss technology occurred when techniques for depositing a layer of higher-index doped silica
inside a hollow cylinder of pure silica were devised. A preform of this type is then collapsed and drawn into a fiber. The core index
can be graded by varying the concentration of the dopant as a function of time during deposition.

The double crucible method employs an inner crucible containing high-index glass and an outer crucible containing glass of
lower index. The contents of both crucibles are heated to melting, and the fiber material is drawn from the two crucibles through
concentric orifices. By providing a mixing region in which both components are in contact in the molten state, a graded-index profile
can be obtained.
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Finally, it is possible to draw a glass or silica fiber of uniform composition from a preform or melt, and coat this fiber with a
polymer or plastic of lower refractive index. Most commonly, silica is used for this tvpe of step-index fiber. These “plastic-clad”
silica fibers are presently produced less expensively than other silica fibers.

G'ass purification is the key to minimizing optical absorption in fibers. By reducing concentrations of transition metal and
hydroxyl ions to a few parts per billion, fibers with losses of 0.5 d3/km at a wavelength of 1.05 um and | dB/km at 0.8 um have
been produced (Horiguchi, M., and Osanai, H., 1976). An attenuation curve for one of these fibers is illustrated in Fig. 2. The losses
in those fibers are close to the theoretical limit from Rayleigh scattering, which is proportional to A™, over the wavelength range from
0.4 um to 1.1 um. Fibers with losses of less than 10 dB/km are now produced in quantity by several manufacturers.

The effect of ionizing radiation on fiber attenuation is of particular interest from the standpoint of military applications. It
has been found that most compound glass fibers and some doped silica fibers are quite susceptible to transient and permanent colora-
tion by X-rays, gamma rays, and slow neutrons (Evans, B. D. and Sigel, G. H., 1975; Sigel, G. H. and Evans, B. D., 1974; Mattern,

P. L. etal, 1974; Maurer, R. D, et al., 1973). Increases in attenuation of 1 dB/km-rad or more at near-infrared wavelengths are
observed. Recent data inaicates that even pure silica and germania-doped silica fibers are strongly affected at low doses (Sigel, G. H.,
1977).

Glass and silica fibers in the as-drawn condition are generally very strong, with tensile strengths of several hundred thousand
psi in lengths of a few meters. However, they possess tiny surface flaws, known as Griffith microcracks, as a result of thermal stresses
during cooling and mechanical contact with the drawing apparatus. When a fiber is subjected to tension in the presence of water
vapor, these cracks have a tendency to propagate in from the surface, causing the fiber to break (Maurer, R. D., 1975; Kurkjian,

C. R. et al., 1976). In order to protect fibers against the tendency of cracks to form and grow, polymer coatings or buffers are
applied. Thin coatings can be applied by dipping as a part of the drawing process, while thicker buffers are applied by extrusion.
Although the strength of buffered fibers is now adequate for use in some general purpose cables, further progress in fiber strength
is needed for cables which are subjected to severe tensile loads, such as those for undersea deployment.

Fiber bundles, which have been manufactured in large quantities for several years, are adequate as transmission lines for some
short-distance communications applications. These bundles typically contain a few hundred fibers, protected only by a silicone lubri-
cant, and enclosed in a polyvinyl chloride (PVC) jacket. The diameter of the optical surface for a commonly used variety is 1.2 mm.
Losses are nominally quoted at 500 dB/km for these bundles, although at least one manufacturer routinely produces bundles with
losses less than 100 dB/km.

As dictated by the requirements for installation and use, it has usually proven expedient to incorporate the fibers into a cable
designed to protect them against breakage. In addition to buffered fibers and a protective jacket, the cables usually contain strength
members of Kevlar, steel, or S-glass, and som: 1lso incorporate copper conductors for electrical power transmission and additional
material for providing crush resistance. The cabi:ng operation is accomplished using equipment for producing electrical cables, with
relatively minor modifications. Cables for general purpose use are now produced by several manufacturers. Further progress is needed
in high-strength optical fiber technology before cables suitable for most undersea applications can be manufactured (Wilkins, G. and
Eastley, R., 1977; Putnam, W. H., 1976; Wilkins, G. A., 1976, Frieberger, R. J., 1976). The cross section of two types of undersea
cable designed for high strength are illustrated in Fig. 3.

Transmitters

A transmitter for fiber optics communications consists of a light source, generally a light-emitting diode (LED) or injection
laser diode (ILD), and an electronic driver, in a package containing suitable electrical and optical connectors.

The technology for producing semiconductor light sources has evolved rapidly over the past few years, in part because they
are the preferred type of light emitter for use in fiber optics communications. The LED and ILD are both pn junction diodes which
emit light generated by electron-hole recombination when passing current in the forward-biased condition. The laser is designed such
that a resonant optical cavity is formed by cleaved surfaces of the crystal, which serve as mirrors situated on either side of the recom-
bination region. In the LED, the emission spectrum is essentiaily that of the spontaneous emission of the material modified by its
absorption, and typically has a spectral width of 300-500 A. In the injection laser, the cavity resonance causes substantizl narrowing
of the emission spectrum to a width of SOA or less, as well as the improved directionality and phase coherence characteristic of
stimulated emission. Both LED’s and ILD’s have the advantages of small size, lighit weight, low drive voltage (~1.5V), and relatively
good power conversion efficiency (1-10%). In addition, both can be modulated by varying the drive current (direct modulation),
with cutoff frequencies of 1 GHz for experimental LED’s (Heinen, J., et al., 1976) and lasers (Chown, M., et al., 1973). Cutoff fre-
quencies for commercial LED’s are generally below 50 MHz, however. Most LED’s display good linearity of octput power as a
function of drive current, and in some injection lasers the variation of power with changes in drive current is close to linear above the
threshold current (Dixon, R. W., et al., 1976) which marks the onset of stimulated laser emission.

A major milestone in laser technology occurred in 1970 with the announcement of the first ILD to operate continuously at
room temperature (Hayashi, M. B., et al., 1970), and another was the introduction about 2 years ago of a commercial CW room tem-
perature device. Operating lifetimes of several thousand hours are now routinely achieved for ILD’s under CW, room temperature
operation, and some manufacturers expect that 103 -10% hours are reasonable gouls. Some such devices have been operated con-
tinuously at temperatures as high as 60-80°C, but the threshold current increase and operating life drops considerably at these
temperatures. Reliable operation at the higher temperatures (e.g., > 125°C) required of most military equipment may not be readily
obtained. The maximum ambient temperature of an ILD transmitter can, however, be extended by the use of thermoelectric cooling.

The great improvement in injection lasers has been based upon the technology for growing muliiple layers in the gallium-
aluminum arsenide (Ga,Al 1_xAs) alloy system by liquid-phase epitaxy (Panish, M. B., 1975). By growing several layers of different
doping levels and aluminum concentration, it is possible to produce “‘double heterostructure” (DH) devices in which carrier recom-
bination occurs in a narrow (<1 um) layer and the stimulated optical emission is also closely confined. One such ILD is illustrated
in Fig. 4. The electrical curreat density needed to reach the threshold for stimulated emission in DH lasers is much lower than in
conventional diffused-junction gallium arsenide ILD’s. Lower current densitites mean less heating of the material and much slower
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thermal degradation of the device properties. The same heterostructure growth techniques have also made it possible to increase the
radiance of LED’s. High-radiance LED"'s can be designed for emission either perpendicular (Burrus, C. A, et al., 1975) or parallel
(Wittke, J. P, et al., 1976) to the junction plane.

The primary advantages for ILD’s over LED's for use in fiber communications are improved efficiency for coupling to fibers,
relatively narrow spectral width, and wider modulation bandwidths. The improved coupling efficiency, particularly for use with
single fibers as opposed to bundles, results from the narrow beam divergence and the small emitting area of the laser. The use of a
narrow stripe electrode for current injection makes it possible to achieve beam widths of less than 20 um parallel to the junction,
while typical widths perpendicular to the junction are 1~2 um. Coupling efficiencies for both lasers and LED’s can be improved by
the use of a lens (Wittmann, L., 1975), but the improvement is generally greater for the laser because of its higher radiance. For
coupling to single, multimode fibers, losses in the 3-6 dB range can be expected for injection lasers, and 10-20 dB with LED’s.

The reduction in spectral width is important for long distance, wideband systems, and amounts to a reduction in material dispersion

of from 3.5 ns/km for an LED with 400 A spectral width to 0.4 ns/km for a laser with 50 A spectral width at a wavelength near 0.8 um.

In spite of the attractive features of injection lasers, LED’s will also undoubtedly be used in many systems because of t'heir
lower cost, simpler circuit requirements, improved linear dynamic range, and the possibility of continuous operation at low drive
currents at temperatures well in excess of 100°C without external cooling.

Gallium aluminum arsenide ILD's and LED’s are usually designed to have a central wavelength in the 8000 A - 8600 A range.
This fortunately coincides with a low-loss “window” in the transmission of typical silica fibers. However, even lower fiber losses are
almost always observed at wavelenaths in the 1.0-1.2 um spectral range. Efficient ILD’s have been produced in Ga,lIn|_, As (Mabbitt,
A. W_ and Mobsby, C. D., 1975) and Gaxln'_xAsyPl_y (Hsieh, J. J., 1976, Pearsall, T. P., et al., 1976), which emit in that spectral
range. Reported operating lifetimes for these laboratory devices remain lower than in gallium aluminum arsenide, and silicon photo-
detectors do not perform as well at those wavelengths. Nevertheless, qu iternary alloy ILD's appear promising for use in long-distance
systems, as there is good reason to believe that long lifetimes will be re: dily achieved (Wieder, H. H., 1977).

Digital and analog transmitter modules designed for fiber communications are now available commercially, both for use with
single fibers and with bundles. These modules contain driving electronics as well as an injection diode source and are supplied with
optical and electrical connectors. Although present commercial modules use LED sources, experimental versions using lasers are also
being produced. The digital modules generally use TTL-compatible interfaces and have maximum data rates in the 10-20 Mb/s range;
the analog modules generally have bandwidths of 5-10 MHz for video or 4 kHz for voice.

Receivers

A receiver for fiber optics communications consists of a photodiode detector and associated amplifiers and/or threshold
circuits, in a package with suitable electrical and optical connectors (Personick, S. D., 1975; Goell, J. E., 1974; Barnoski, M. K.,
1976).

Silicon PIN and silicon avalanche photodiodes (APD’s), which have been commercial products for a number of years, are
presently the preferred type of photodetector for optical fiber communications. Both are operated as backbiased diodes and are
designed so that as much of the incident light as possible is absorbed in a region of intrinsic silicon. The photo-generated carriers are
swept out of the intrinsic region toward the contacts by the applied field. In the avalanche device, electrons from the intrinsic regicn
enter a pn junction region with high electric fields in which carrier multiplication takes place, as illustrated in Fig. 5. The electrons
and holes in this region acquire enough energy from the field to produce additional carriers by ionization, so that the avalanche
device is characterized by internal gain.

Some of the PIN diodes will respond at frequencies to several gigahertz, while APD’s have cutoff frequencies as high as
1 GHz.

The sensitivity of a receiver, which includes a detector and its following amplifiers, is determined by the efficiency of the
detector in converting photons to electrons (“quantum efficiency”) and by the various noise factors which can limit the ability of the
receiver to restore the original analog or digital signal. The detector quantum efficiency q is defined as the average number of photo-
electrons generated directly by the absorption of a photon (“primary” photoelectrons) n, to the average number of incident photons

np;
q= ne/np

For a detector with internal gain G, the average number of collected electrons “e' is
ng =Gn,

In terms of the incident optical power P, the photon energy hv, electronic charge e, and photocurrent I, the quantum efficiency can
be written 5

q = hvl/ePG

Typical values of quantum efficiency for silicon PIN photodiodes are in the 80%-90% range, and for avalanche photodiodes, in the
307%-50% range, at wavelengths near 0.8 um. At 0.63 um, the quantum efficiencies are roughly half these figures. Gains for silicon
avalanche photodiodes usually lie in the 50-200 range for optimum performance.

The principal sources of noise which limit the performance of a receiver using a PIN photodiode are dark-current shot noise
and amplifier noise (including thermal noise). Assuming that the receiver is designed such that the bandwidth of the preamplifier
equals the signal bandwidth, the dark-current noise is proportional to the bandwidth, while thermal noise is proportional to the




square c-.f tl_)e bandwidth. Themnl. noise therefore tends to dominate at high bandwidths (21 MHz for PIN receivers). Thermal noise
can be mﬁ,:mtly reduced by using a high-impedance FET preamplifier with a bandwidth substantially less than that of the signal.
The signal is integrated at the preamplifier input and is differentiated after amplification to restore the received waveform.

X In th¢': APD receiver, the carrier multiplication boosts the signal level internally, prior to the preamplifier. The increase in
signal levgl .vnu\ respect to amplifier noise gives an improved sensitivity in the receiver, even though carrier multiplication introduces
some addmon.ll noise.‘ The net result, taking into account the somewhat lower efficiency of the avalanche device, is a 10-20 dB
improvement in sensitivity for the APD receiver as compared with one which uses a PIN photodiode. A comparison of the perform-
ance of well-designed digital receivers using PIN and APD detectors (Personick, S. D., 1975) is illustrated in Fig. 6.

Agﬂnst .this improved sensitivity inust be weighed the disadvantages of the avalanche photodiode receiver. First, the device
must be busgd in the 150-400 V range for optimum gain, and the voltage must be compensated for ambient temperature variations.
The PIN device needs only a few volts of bias for optimum performance and need not be temperature compensated. The net result

is that, even neglecting the cost of high-vcitage DC power supply, the avalanche receiver is several times more expensive than a PIN
receiver of a given bandwidth.

Receivers for fiber optics communications are sold comme;cially. with typical sensitivities of -37 dBm for a 10 Mb/s data rate
and an error rate of 107, using a silicon PIN detector.

Repeaters

. Repeaters for optical fiber communications typically consist of a receiver to detect and amplify an incoming signal, an equalizer
and slgn'al regenerator, and a transmitter to launch the regenerated signal into the next section of transmission line (Goell, J. E., 1974;
Barnoski, M. K., 1976). Optical power gains in the 35-60 dB range are typically needed to offset line and coupling losses for a section

;)(f tllx; ;y:tem. Digital repeaters with data rates as high as 800 Mb/s have been demonstrated in the laboratory (Nawata, K., and Takano
o 6). :

Br” For either land or undersea systems, electrical power for a repeater must usually be supplied through conductors contained
within the qble. Electrical power consumption, which, for the optical repeater, includes power dissipated by electronic components
such as amplifiers as well as that required to drive the light source, is an important consideration in repeater design.

Connectors and Splicers

Connectors for large (~1 mm diameter) fiber bundles have not proven particularly difficult to fabricate, since the mechanical
tolerances for such connectors (~0.1-0.2 mm) can easily be maintained by standard machining and casting equipment. Those tolerances
are also compatible with those required for standard electrical connectors, and modified SMA rf connectors are frequently used for
fiber bundles. Pressure-tight connectors for aircraft bulkheads have also been produced.

Field installation of connectors and splicing for large bundles requires that the fiber ends be comented or epoxied in a fitting
and polished. Portable air-driven repair Kits for accomplishing this have been demonstrated, but further work in manufacturing methods
for repair and termination equipment is needed. Typical losses for bundle splice connectors, which includes “packing fraction™ and
Fresnel losses, are in the neighborhood of 3 dB, with 0.2 dB tolerance about this figure allowed for the Navy standard.

Connectors for single multimode fibers (~30-85 um core diameter) are considerably more difficult to produce, since the
mechanical tolerances (~5 um) are difficult to achieve with modern machine tools. One approach is to lay the fibers end-to-end in a
groove or other fixture which provides axial alignment and clamp them in place by applying lateral pressure (Dalgleish, J. F., and
Lukas, H. H., 1975). Special alignment fixtures have also been fabricated for use as connectors for multifiber cables (Thiel, F. L., et al.,
1974, Auracher, F., and Zeitler, H. H., 1976).

It is often necessary to provide mechanical termination of the cable strength member at the connector in order to provide ade-
quate protection for the fibers. At present, installation of field terminations or splices for single-fiber cables is more difficult and time-
consuming than would normally be acceptable in an operational environment.

Nevertheless, if sufficient care is taken, single-fiber connections with losses in the 0.5-1.5 dB range can be obtained repeatably.
It is anticipated that, as standard cable configurations are more clearly defined and fiber diameter and core concentricity hold to
tighter tolerances, further engineering efforts and perhaps some novel approaches will yield improved cable connectors which are
amenable to simple amenable to simple installation and maintenance and to reliable operation.

Bus Couplers

The need for special couplers to perform the function of signal distribution is a unique feature of the multiterminal bus. Two
generic types of optical bus coupler have been proposed and demonstrated: the “gtar”’ (or “radial arm"") coupler and “Tee” coupler.
The star coupler (Hudson, M. C., and Thiel, F. L., 1974) is an optical mixer which is linked to the terminals by sections of transmission
line in radial fashion. Spatial mixing in the coupler causes a portion of the light from each transmitter to be received at every terminal.
The trend in star couplers for military use is towards couplers with 3, 4, 8, or 16 ports. The optical Tee coupler, on the other hand,
provides a means for signals to be injected into and removed from a fiber optics trunk line at each terminal. Hybrid systems utilizing a
3 combination of both generic types of coupler have also been propcsed.

! From a systems standpoint, the star couplers offer the advantage that the loss, in dB, increases only as log N for an N-terminal
i system. By contrast, the loss is proportional to N for a system using Tee couplers. As a result, ¢he number of terminals which can be

£ implemented without repeaters is much larger in a star system. Using available technology, a star system with over a hundred terminals
can be designed, while the present limit for a repeaterless system using Tee couplers is about ten terminals. On the other hand, the Tee
coupler seems to offer some advantages in terms of cable cost and case of installation and maintenance and system modification.
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Both star and Tee couplers have been built for single-fiber and multifiber bundle transmission lines. One design for the star
coupler uses a polished glass cylinder with a mirror at one end as the mixing block. Bundle versions of the Tee coupler have used
bifurcated fiber bundles (Biard, J. R., and Shaunfield, J. E., 1974), branching glass structures (Milton, A. F., and Lee, A. B., 1976),
and glass blocks with in.ernal mirrors ( Faylor, H. F., et al., 1975) to provide access to the transmission line. Tee couplers for single
fiber links have also been made by cementing or fusing two parallel fibers together (Barnoski, M. K., and Friedrich, H. R., 1976).
The fibers have part or all of the cladding removed to promote efficient power transfer, and are separated at the ends to provide four
b coupling ports. Branching multimiode waveguide structures (Witte, H. H., 1976) and mechanical arrangements for causing mode con-

version (Jeunhomme, L., and Pocholle, J. P., 1976) have also been uzed for tapping single fibers.

Further work is needed in the coupler technology to meet requirements of future multiplexed systems, but there seem to be
no serious barriers to achieving efficient operation of either star (radial arm) or Tee couplers and systems based on these approaches.

SYSTEM DESIGN CONSIDERATIONS

Three of the key parameters which must be considered in the design of a fiber optics communications link are the length, sig-
nal bandwidth, and fiber attenuation. Connector attenuation also becomes very important if several serial feed-throughs are needed.
As an example of how these parameters interact, Table 1 gives the maximum allowable fiber attenuation for a particular length of the
fiber transmission line and signal bandwidth. It is assumed in that example that the receiver incorporates a silicon PIN photodiode,
that the transmitter power level is +3 dBm, and that a 10 dB margin is allowed for coupling, connection, and splicing losses. A signal-
to-noise ratio of 30 dB for the analog signals and an error rate of lD'9 for digital signals are assumed. According to the table, attenua-
tion factors in the 500 to 1000 dB/km range for aircraft applications (maximum distance approximately S0 m) and in the 80-180
dB/km range for shipboard application (maximum distance approximately 300 m) will be needed.

TABLE 1

Maximum fiber attenuation (in dB/km) for
various cable lengths and signal bandwidths

length (m)
S0 300 1000
4 kHz analog 1400 dB/km 230 dB/km 70 dB/km
S MHz analog 800 130 40
Bandwidth Requirement 2 Mbit/sec PCM 1000 160 50
10 Mbit/sec PCM 800 130 40
50 Mbit/sec PCM 600 100 30

In the transmitters and receivers, superior performance is generally achieved with ILD sources and APD detectors, while cost
considerations tend to favor the use of LED sources and PIN photodiodes. For example, the pow.r coupled into a fiber of NA ~ 0.2
from an ILD source is 0 dB/m or greater, while if an LED is used, the power coupled into the fiber is of the order of -10 dBm. At the
receiver end, the replacement of a PIN photodiode with an APD gives an improvement of 10-15 dB in the power budget for the
system.

For long distance communications links, dispersion in the transmission line tends to limit the signal bandwidth. Material dis-
persion is of the order of 3 ns/km for LED sources, and only about 0.4 ns/km for typical ILD’s. The intermode dispersion is of the
order of 1 ns/km for the better quality of graded index fibers, compared with 30 ns/km for conventional step index fibers (NA =
0.14), and 100 ns/km for plastic-clad silica fibers. For longer distances (> 1 km), the intermode dispersion is less than these
figures would indicate, due to mode conversion. In the examples given in Table 1, based on these figures, it is seen that graded index
fibers would be necessary for the 50 Mb/s, 1 km system but that either LED’s or ILD’s could be used in that system,

Environmental constraints could also have a strong influence on the choice of components. For example, a requirement for
hardness to ionizing radiation might affect the type of fibers used, or a requirement for high temperature (>80°C) operation could
rule out the use of ILD’s in some systems.

COMPARISON WITH ELECTRICAL SIGNAL TRANSMISSION

The great majority of present-day military systems use coaxial or wire-pair cable for signal transmission. These electrical trans-
mission media have undeniable advantages in comparison with fiber optics. First, a fiber optics system will have extra components —
transmitters for converting electrical signals to light, and receivers for performing the reverse conversion — and these components can
increase the costs and complexity of a system. Second, terminating and splicing fiber optics cables, particularly in single fiber sys-
tems, remains a rather difficult procedure which one cannot expect untrained personnel to perform. Also, some types of optical fiber
are quite sensitive to ionizing radiation. And, finally, the most important factor is that the cost of present fiber transmission lines,
connectors, transmitters and receivers is presently so high that, in many instances, optical systems are simply too expensive, even
though the fibers might offer other attractive features for use in such systems.

The advantages of using fibers for communications have been described many times. The fiber optics transmission line can be
much smaller in size and lighter in weight than an electrical line of equivalent bandwidth. These attributes can translate into both
cost and performance improvements in military systems. A properly jacketed optical cable will neither emit nor pick up electromag-
netic radiation. This insures immunity from intercept to meet TEMPEST requirements, or from pick-up by other transmission lines
of classified information being transmitted over the fiber optics cable. Since the fibers will not pick up electromagnetic radiation, b
crosstalk, interference (EMI), and the transient effects associated with electromagnetic pulse (EMP) can be reduced or eliminated.
The electromagnetic compatibility (EMC) of interconnected electronic systems and subsystems is greatly enhanced by the use of an
insulating transmission medium. Silica fibers can be expected to survive fire damage and continue transmitting at temperatures
approaching 1000°C (although the jacket material would not survive at those temperatures) as compared with the 300°C rating for
high temperature electrical cable. Finally, the fibers can be used in hazardous areas containing flammable or explosive fumes without
danger from electrically induced sparking.
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In most cases life-cycle costs will probably be the deciding factor as to whether to use fiber optics or electrical cables. This is
illustrated by recent studies comparing the costs associated with both transmission media to a given level of system performance for
the A-7 aircraft (Greenwell, R. A., 1976; Uhthomn, R. W., et al., 1976).

SYSTEMS APPLICATIONS

Fiber optics is now being given serious consideration for use in a variety of military systems, including aircraft, shipboard,
mobile and fixed land-based and undersea systems (Albares, D. J., et al., 1975; Dworkin, L., et al., 1976, 1977). Examples illustrat-
ing the use of fiber optics in each of these types of platforms and environments are given below, and the rationale for using fiber
optics in each case is discussed.

Aircraft Applications

The Navy and the Air Force have recently concluded tests to show the feasibility of using fiber optics for signal transmission
in an aircraft environment. The Navy test involved the installation and flight testing of fiber optics links to replace wire-pair and
coaxial cables in the navigation and weapons delivery system of an A-7 aircraft (Greenwell, R. A., and Holma, R. A., 1977; Harder,
R. D, etal., 1977;Ellis, J. R., and Williams, D. N., 1976). A total of 115 wire signal links were replaced by 13 fiber optic channels,
12 digital and 1 analog, carrying multiplexed signals. A block diagram of the system is given in Fig. 7, and a photograph of the fiber
optics hardware in Fig. 8. Fiber bundle transmission lines, LED transmitters, and silicon PIN receivers were used. The digital chan-
nels used a return-to-zero Manchester format with a maximum data rate of 10 Mb/s. Special pressure bulkhead connectors were
developed for and used in the demonstration. The aircraft was flown for approximately 100 hours and all of the weapons systems on
board the aircraft were demonstrated using the fiber optics links. The performance of the fiber optics was satisfactory during the
entire testing cycle, and Navy technicians performed the nominal maintenance required during the course of the program. Improved
EMC and immunity from cross talk, EMI and EMP are seen as the primary advantages for using fiber optics in systems such as those
employed in the A-7 demonstration. These factors enhance the ability to use fiber optics for multiplexing to reduce the size, weight
and space of cabling on the aircraft.

In an Air Force demonstration (Biard, J. R., and Shaunfield, J. E., 1977; Stewart, L. L., 1977) two wideband fiber optics
links have been flown on an operational aircraft for over 300 hours. Additional flight testing is planned. The two data transfer
requirements met by fiber optics during these tests were a 30-meter link operating at 160 MHz carrier frequency with a 20 MHz
bandwidth and a video link 20 meters in length, operating with a 20 MHz bandwidth. The advantages of using fiber optics in these
systems are, primarily, improved bandwidth and EMC, and reduced EMI susceptibility.

Both the Air Force and the Navy have developed laboratory models of fiber optics multiterminal data busses. The Air Force
version operates at 10 Mb/s with eight terminals, using a radial arm (star) coupler with a maximum distance from the coupler to
remote terminals of about 30 meters (Shaunfield, J. E., 1976). For the Navy data bus, eight terminals were demonstrated with a
5 Mb/s data rate, using optical “Tee” couplers (Altman, D. E., 1975). The Air Force bus was successfully built and tested to the
format requirements in MIL-STD-1553.

A final aircraft application being pursued is for the Navy P-3C weapon system. Interfaces have been developed for a 10 Mb/s
intercomputer channel, a 30 MHz video channel and a 40 kHz acoustic channel with 48 dB dynamic range. Maximum distance is of
the order of 10 meters in this system, so that once again simple components similar to those for the A-7 demonstration can be used.

Shipboard Applications

One of the earliest deployments of fiber optics on board a ship was the six-station telephone system on board the cruiser,
USS LITTLE ROCK (Eastley, R. A., and Putnam, W. H., 1974). The remote terminals were connected to a central switching station
by maximum runs of 30 meters of fiber optics bundles, as illustrated in Fig. 10. The rationale for developing this system was to meet
TEMPEST requirements, and the need for messengers to travel from one compartment of the ship to another to convey classified
information was eliminated by the use of fiber optics in this system. It was successfully deployed in the Mediterranean for over
3 years.

A fiber optics data link interface to connect Naval Intelligence Processing System (NIPS) computers with various system
peripherals is under development. This project is designed to show the feasibility of employing fiber optics for the transfer of high-
speed digital data as well as video information in intraship communications. The fiber optic link connects several interactive display
terminals, teletypewriters, and line-printers connected to the multiplexer unit in the Compartmented Mode Processing System
(CMPS). Fiber optics is being used here both for improved bandwidth and for meeting TEMPEST requirements on board the ship.

Another application for fiber optics is a system for sending analog signals from a sonar array on a submarine to a computer
for processing (Allard, F. C., 1976). A 55-channel converter within the pressure hull translates the electrical output from the hydro-
phones to light signals. In this case, plastic fibers and a red LED are used for the signal transmission. Laboratory tests and sea trials
have demonstrated the superior crosstalk and EMI immunity of the fiber optics cables over that of the conventional twisted shielded
pairs, in addition to substantial volume and weight savings. Eventually an even greater payoff is expected to be achieved by running
fiber optics cables through pressure barriers so that the signals can be transmitted through the hull in optical form. This could reduce
the number and diameter of hull penetrations and result in a significant savings in the cost and weight of the pressure hull design.

Data bussing using fiber optics is an attractive possibility for ships as well as aircraft (Altman, D. E., 1976). Because of the
greater distances involved, a different selection of components is mandated. The fiber optics replacement for the electrical version of
the Shipboard Data Multiplexing (SDMS) system is now under development. This system would employ graded index fibers used in
conjunction with star (radial) couplers and ILD's in the transmitters and APD’s in the receivers. The initial plan is to maintain the sig-
nal format of the present system which employs five channels muitiplexed at frequencies from 41 to 83 MHz with a 1.2 Mb/s data
rate per channel.
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Fixed Land-Based Systems

A system to interconnect a satellite antenna to a computer processing center in which the bandwidth of fiber optics makes it
b cost-effective in comparison with electrical transmission is under development (Eppes, T. A., et al., 1977). The length is 1.8 km and
the system uses eighteen 20 Mb/s single-fiber channels. These channels are contained in three cables, each of which contains eight
graded index fibers (six for signal transmission, plus two spares). LED’s are used in the transmitters and APD’s in the receivers. The
data format is base-band non-return-to-zero. Maximum allowable loss in the system is 28 dB, with a minimum of -17.5 dBm of opti-
cal power, at a wavelength centere:! near 8400 A, coupled into a specified fiber. The bit error rate is less than 1X 108 with an input
to the optical receiver of 45.5 dBm.

In another land-based application, illustrated by a block diagram in Fig. 10, several fiber links were installed at the NORAD
Cheyenne Mountain complex. The data rates in this case were less than 10 Mb/s and the maximum length was about 200 meters.
The chief advantage of fiber optics in this case was immunity from RFI, crosstalk problems, and EMP.

Mobile Land-Based Systems

The Army has a large effort in the development of tactical land-based fiber optics systems. The main advantages in these
systems are immunity from EMP effects, reduction in cable size, weight, and volume, and elimination of crosstalk. Two areas of
interest are local distribution, with a one-for-one replacement of existing facilities with fiber optics on the loop side of a switch,
and long haul, between switching facilities. Cables for both system types are under development.

For the local distribution system, illustrated in Figs. 11 and 12, channel bandwidths are 4 kHz analog and 16 kb/s to 576
kb/s digital, with the possibility of multiplexing of several channels per fiber. Cable runs in this system range from about 75 m to
3.2 km, with individual cable sections of 75 m, 300 m, and | km length. Both LED’s and ILD’s are being considered for use in the
transmitters, and the receivers will contain PIN detectors. Plastic-clad silica fibers will probably be used based on considerations of
ionizing radiation vulnerability and cost. Maximum allowable fiber attenuation is about 10 dB/km. A laboratory demonstration has
been carrie” out using LED’s and PIN detectors, with bidirectional operation over twelve channels in each direction (Slayton, 1. B.,
1975). 2. 334 m length of six-fiber cable was used, with four multiplexed channels per fiber. Channel bandwidths were 4 kHz and
32 kb/s

For long-haul transmission, the lengths increase to 8 km at a maximum data rate of 20 Mb/s in a system without repeaters
and 64 km at a 2.304 Mb/s data rate with repeaters. Length and bandwidth requirements dictate theuse of ILD sources, APD photo-
detectors, and graded-index fibers with a loss of less than 5 dB/km. Other land-based applications which are being pursued involve
surveillance and weapons support systems.

Undersea Systems

Fiber optics may in the future replace electrical signal cables in a number of sonar telemetry systems, including sonobuoy
(Redfern, J., 1976), torpedo, bottom-laid, moored, and towed array surveillance systems. Undersea applications of fiber optics
differ somewhat from other long-run single-fiber applications because of the severe environmental and mechanical conditions to
which the cables are subjected. These include pressures of 10,000 psi, and mechanical tension as high as 30,000 Ibs. Problems peculiar
to undersea cables include maintenance of the loss characteristics under the pressure of the ocean environment and in protection of
the fibers from moisture while in a submerged cable. Another key area is that of fiber strength — the typical designs for most of the
undersea cable types require that the fibers withstand stretching of 1-2% of their total length without breakage. Since fibers tend to
degrade much more rapidly when subjected to both humidity or moisture and tension, this has proven a particular difficulty.

To date, prototype cables for a number of undersea applications have been produced. These include a large (1.7 cm diameter)
cable for a towed applications, a 1.5 mm diameter cable for sonobuoy use, and a I mm diameter cable for a guided torpedo. Samples
of length in the 300-500 meter range of each of these cables have been tested and results have generally been encouraging. For
example, attenuation of the fibers was in the 3-10 dB/km range for most of the cables tested.

Improved bandwidth and reduced size and weight are the prime advantages for using fiber optics in undersea cables. The non-
inductive nature of the optical cable eliminates impedance changes experienced during reeling and unreeling of electrical cables.
Short circuits which can occur at pinholes in the jacket of electrical cables are also eliminated. In some cases, such as the towed
array cable, the immunity of the cable to EMI in the region in which it emerges from the water and is coiled on the deck of a ship is
also a significant advantage.

CONCLUSIONS

Based on the progress achieved during the past few years, fiber optics is being seriously considered for signal transmission in
virtually every military environment. The most important research issues have been resolved, but significant engineering advances are
still needed in areas such as field connectors for single fiber systems, fiber strength improvement for undersea applications, and operat-
ing life for ILD and LED sources. Assuming that the cost of components, and particularly the fibers, continues to drop, guided optical
communication will be cost-effective for an increasing number of applications. The early adoption of standards for these components
is also important from the standpoint of fostering their widespread use in military systems.
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NUC/AIRLOG CABLE UNIT

. 0.005-INCH-DIAMETER, STEP INDEX,

OPTICAL FIBER (ITT #SCVD 259).

. TEFLON (PFA) BUFFER, ADDED BY

ITT TO 0.015-INCH DIAMETER.

. LOW SHORE, LOW MODULUS, ELASTO-

MER #240-1, ADDED BY AIR LOGISTICS
TO 0.025-INCH DIAMETER.

. LOADBEARING STRUCTURE, ADDED BY

AIR LOGISTICS TO FINAL DIAMETER

OF 0.050-INCH. THIS STRUCTURE CON-
TAINS 9840 PARAXIAL, HTS-901 S-GLASS
FILAMENTS IN A POLYAMIDE-MODIFIED,
AMINE-CURED, EPOXY RESIN SYSTEM
(AIR LOGISTICS #380-4). THE S-GLASS
VOLUME FRACTION IN THE MATRIX

IS APPROXIMATELY 0.64.

STRANDED STEEL WIRE

- SEVEN (7) STRANDS .0081-INCH DIA.
- 0.33-INCH LAY

""" - WT (2 WIRES) 8.4 Ib/km

- TENSILE STRENGTH: 300000 psi

- YOUNG'S MODULUS: 30 700000 psi

——— OPTICAL FIBER

- WT (2 FIBERS) 2.13 Ib/km
- TENSILE STRENGTH >100000 psi (PROOF TEST)
- COATING MATERIALS: SILICONE RTV/PFA

PLASTIC JACKET

- WT 1.32 Ib/km
- MATERIAL: HIGH DENSITY POLYETHELENE

NOTE:

1. TOTAL CABLE WEIGHT: 3.6 ib (300 METRES)
2. CABLE BREAKING STRENGTH: 180 Ib

3. CABLE ELEMENTS ARE STRANDED:

LAY LENGTH 2.0-INCH, LAY ANGLE 2°

Fig. 3. Two types of fiber optics cable for undersea use
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Fig. 8. Fiber optics hardware for A-7 system.
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REVIEW OF INTEGRATED OPTICS

H. Kogelnik
Bell Telephone Laboratories
Holmdel, New Jersey 07733

ABSTRACT

A tutorial introduction and a review is given of the field of integrated
optics and optical guided-wave devices. Device principles and potential applications
are discussed. The properties of dielectric waveguides are reviewed briefly and new
materials and new fabrication techniques are mentioned. An illustration is given of
recent work on devices. This includes a discussion of work on guided-wave modulators
and switches with focus on devices made by titanium diffusion in lithium niobate.
Mention is made of an experimental 4 x 4 switching network which was recently
demonstrated in the laboratory. Other devices discussed are corrugated waveguide
filters in which rejection bandwidth from 0.1 to 6 have been obtained. The paper
concludes with a discussion of the use of guided-wave techniques in semiconductor
junction lasers.

I. INTRODUCTION

The purpose of this paper is to give the reader a brief tutorial introduction
to and a review of the growing research field of "integrated optics”, and to give an
illustration of recent work. In the limited space and time available, it is impossible
to aim for completeness, and we refer the reader interested in more completeness and
more detail to a series of recent review articles (Miller, S. E., 1969; Goell, J. E.,
et al., 1970; Goell, J. E., et al., 1970; Tien, P.K., 1971; Miller, S.E., 1972;

Taylcs, H. F., et al., 1974; Chang, W. S., et al., 1974; Tien, P. K., 1974; Kogelnik, H.,
1975; Conwell, E.M., 1976; Tien, P. K., 1977) and recent monographs on the subject.
(Baioski, M. K., 1973; Tamir, T., 1975)

Historically, there was early relevant work in the seven years before 1969,
but the coining of the term "Integrated Optics"” by S. E. Miller (Miller, S. E., 1969)
in that year marks also the beginning of considerable research interest in this subject;
and there are now research activities in a still increasing number of university,
industrial and governmental laboratories. One main impetus for this stems from the
promise of optical-fiber transmission systems (Miller, S. E. et al., 1973) which, in
turn, is based on the recent achievement of low transmission losses in optical fibers.
We should point out that a majority of fiber systems under study today are multimode
fiber systems in which light propagates in mixtures of hundreds of electromagnetic
modes. Integrated optics has, so far, not offered much for multimode systems, as most
integrated optical circuits and devices are single-mode structures. Creative thought
is needed here. However, single-mode fiber systems are attracting increasing interest
for higher transmission speeds and longer transmission distances. These systems are
more compatible with integrated optics, and here integrated optics techniques may one
day provide compact circuits and devices for repeaters, and may offer such possibilities
as wavelength multiplexing or switching of optical signals. Fiber losses of the order
of 1 db/km have now been achieved throughout the near-infrared region from 0.8 to about
1.6 um marking this as spectral region of principal interest to integrated optics.

The name integrated optics now covers all exploration of guided-wave techniques
used to construct new or improved optical devices. Waveguides are used to confine the
light to very small cross-sections over relatively long lengths. One aims for compact
and miniaturized devices of better reliability, better mechanical and thermal stability,
and for lower power consumption and lower drive voltages in active devices. There is,
of course, also the hope that one will be able to combine several guided-wave devices
on a common substrate or chip and form more complicated optical circuits in analogy
with the integrated circuits of electronics. However, some of the new guided-wave
devices, lasers or modulators, for example, may well be able to compete on their
individual merits with their bulk-optical counterparts.

The waveguides used in integrated optics are dielectric waveguides, usually
in the form of a planar film or strip of higher refractive index than the surrounding.
The devices of interest are often the counterparts of familiar microwave or optical
devices. They are couplers, junctions, directional couplers, filters, wavelength
multiplexers and demultiplexers, and active devices such as modulators, switches and
lasers and detectors. In the following, we will first discuss briefly the character-
istics of the dielectric waveguides used in integrated optics and of the materials
employed to fabricate them. This will be followed by an illustration of recent work
on devices and circuits.
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II. DIELECTRIC WAVEGUIDES

Dielectric waveguides are used to confine and guide the light in the devices
of integrated optics. We distinguish between planar film guides which confine the
light in only one dimension, and strip guides which confine the light in two dimensions.

Figure 1 shows schematically sideviews of a film waveguide where Ngs Ng and n, are the

refractive indices of the film, substrate and cover materials, respectively. The film
acts as a waveguide if

ne > ns. n.. (1)

The guide supports guided modes where the light is confined in and near the film, and
radiation modes where the light is spread out far away from the film. Figures la ana
1b show the simple ray pictures corresponding to the radiation modes, and Figure lc
shows the ray picture of a guided mode. In the latter case, the ray angle 6 exceeds
the critical angle ec for total internal reflection at the film-substrate interface
given by

sin By ns/nf. (2)

and the rays are trapped inside the film. The guide will support only one single
guided mode when the film height h is very small, i.e., approximately given by

-1/2
n %3 n2n?) 7, (3)

where A is the wavelength. For more detail on the theory of dielectric waveguides,
the reader is referred to review texts such as (Kogelnik, H., 1975).

Strip guides confining the light in two dimensions can be made in various
cross-sections, some of which are shown in Figure 2. 1In every one of these cases, the
guide index ne is larger than that of the surrounding.

Strip guides can be used to form various circuit patterns. The example of a
directional coupler circuit is shown in Figure 3 where the dark areas indicate the
strip regions of higher refractive index. Practical index differences ne-ng depend

on the fabrication technology used and are typically in the range of 10~3 to 10'2.

Typical dimensions of single-mode strip guides are heights ot 0.5 ym and widths of 2-3 um.

To define circuit patterns one has to use photolithographic techniques that
often strain the state of the art known in electronic integrated circuits, and the
employment of electron-beam exposure is often necessary. ( Zernike, F., 1975)

III. MATERIALS

New materials and new fabrication techniques are, and have been, of central
importance to integrated optics. A considerable number of new materials and techniques
have been found and explored for the fabrication of dielectric guides and integrated
optical devices. (Zernike, F., 1975; Hammer, J. M., 1975; Garmire, E., 1975) Materials
allowing guide losses of 1 db/cm or better are usually desired. A low-loss waveguide
material useful for passive devices such as directional couplers or corrugated waveguide
filters has been a film of glass produced by RF-sputtering on a glass substrate of
lower index. (Goell, J. E., et al., 1969) Other materials examples are the electrooptic
crystals LiNbO, and Li‘ruo3 which are of interest for modulators and switches. It has
been found (Schmidt, R. V3, et al., 1974; Hammer, J. M., et al., 1974) that low-loss
waveguides can be made in these ferroelectric materials by in-diffusion of the metals
Ti and Nb, respectively. GaAs and related III-V semiconductor compounds are of particular
interest to integrated optics, as these materials are suitable for the fabricatoon of
efficient, electrically pumped junction lasers as well as for modulators and detectors.
(Garmire, E., 1975) 1In these materials, waveguides are made by epitaxial growth of
heterostructures with suitable refractive index. To form the waveguides for GaAs lasers,
e.g., the addition of Al is used to lower the index in the substrate and cover layers.

To be of use in transmission systems, junction lasers must be capable of
operating continuously at room temperature with a long device life. 1In the GaAlAs
materals system, c¢w room temperature operation was demonstrated about seven years ago
(Hayashi, I., et al., 1970; Alferov, Zh.I., et al., 1971) and good progress has been made
since in improving device life. The GaAlAs system can provide lasers in the wavelength
range of 0.75 to 0.9 um. Several other materials systems show promise for the spectral
range from 1.0 uym to 1.6 um. Recently, cw laser operation at room temperature was
demonstrated in GaAsSb/AlGaAsSb system (Nahory, R. E., et al., 1976) at 1.0 um, in the
GaInAsP/InP system (Hsieh, J. J., et al., 1976) at 1.1 um, and the InGaAs/InGaP system
(Nuese, C. J., et al., 1976) at 1.06 to 1.12 um.
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IV. DIFFERENT TYPES OF INTEGRATION

We have indicated before that the confinement of light provided by waveguiding
can lead to considerable improvements in integrated optics devices, such that they can
compete well with their bulk-optical counterparts on their individual merits. Examples
for this are the low drive powers offered by guided-wave lasers and modulators. As
guided-wave devices are essentially made of waveguides, they can also be connected by
waveguides, i.e., the devices are suitable for integration, which is an additional
benefit. Depending on the application one has in mind, one can think of several kinds
of integration. For optical communications, it may be advantageous to have several
kinds of devices, e.g., a laser, a modulator and a detector, all on one chip, and all
in one materials system. This is called monolithic integration. GaAs and its relatives
are suitable materials for monolothic integration. In the first experimental
demonstrations of this, combinations of a laser and an absorption modulator (Reinhardt,
F. K., et al., 1974) and of a laser and a phase modulator (Reinhardt, F. K., et al.,
1975) were reported. Other interesting possiblilities are laser-filter-modulator or
filter-detector combinations: In all these caSes, the integration is serial and multi-
functional, i.e., the optical signal is ,processed sequentially by devices of different
kinds.

When several devices of the same kind are made on one chip, we call this
monofunctional integration. Here one hasemore freedom to optimize the materials choice
for each given device. We shall mention later two experimental cases where monofunc-
tional integration was already demonstrated in the laboratory. (Schmidt, R. V., 1976;
Aiki, K., et al., 1976) One has the simplestdcase of monofunctional integration when
devices of one kind are arranged unconnectedjand in parallel on one chip. This may
be many lasers on a chip, or many modulator etc. There are also interesting cases
of monofunctional chips where the devices a interconnected, e.g., many interconnected
switches can form a switching network, (Sc t, R. V., 1976) many interconnected
filters on a chip can form a wavelength mult@lexing circuit, etc.

-

V. MODULATORS AND SWITCHES

Considerable progress was mad recent years in guided-wave modulator and
switching devices. (Hammer, J.M., 1975; jKaminow, I. P., 1975) To illustrate this
work, we consider devices where waveguiliés were made by diffusion of Ti into LiNbOJ.
This technique allows the fabrication of embeaded strip guides in relatively simple
photolithographic steps, as sketched in Figure 4. This way, a phase modulator of
the geometry shown in Figure 5 was constructed. (Kaminow, I. P., et al., 1975) The
waveguide was about 5 um wide, the metal electrodes plated on the crystal surface
were about 9 um apart and 30 mm long. For this modulator, the required drive voltage
was only 0.3 volts and the drive power was as low as 1.7 uW/MHz of bandwidth to
achieve a modulation index of 1 rad at A = 0.63 um.

Using the same diffusion technique, a switched directional coupler of the
geometry shown in Figure 6 was demonstrated. (Schmidt, R. V., et al., 1976) Here,
a pair of guides is used, each about 3 pym wide and spaced as close as 3 um over a
3 mm interaction length to allow the coupling and exchange of light between the two
waveguides. The two electrode pairs are split in the middle to permit the application
of voltages of reversed polarity. With this switching device, light entering one
guide can be switched from one guide to the other with conversion ratios of 400:1
(i.e., 26 adb).

By connecting several such switches, one can build switching networks such
as that shown in Figure 7. By application of proper voltages light entering any of
the input guides can be switched to any of the output guides. An experimental 4x4
switching network in which five switches of the kind described above were integrated
on a LiNbO3 chip was recently demonstrated. (Schmidt, R. V., 1976)

Vi. FILTERS

Filters are needed for applications such as wavelength multiplexing of
transmission channels. One way to make a guided-wave filter device is to machine a
corrugation of a very short period A into the surface of a film guide as shown in

Figure 8. Such a periodic guide of length L provides a band rejection filter with
a fractional bandwidth of approximately

AA/X % A/L (4)
centered at a wavelength lo given by
Ao = 2NA, (5)

where N is the effective index of the guided mode. (Kogelnik, H., 1975) Figure 8, taken
from (Flanders, D.C., 1974), shows the response of a corrugated glass guide at 0.57 um.
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The filter was fabricated by mea f a holographic exposure of masking photoresist
using a UV laser and by subsequ ion-beam,etching. It was L =,0.57 mm long, and
had corrugations with a period A = 2000 A and a depth of 460 A. The response
was measured with a tunable dy aser. In aubseguent filter experiments (Schmidt,
R. V., et al., 1974) bandwidths "as narrow as 0.1A were achieved.

VII. LASERS

The confinement of the light in double heterostructure junction lasers has,
of course, been vital for the cw room temperature operation of these devices. Several
other guided-wave technigues are under exploration to further improve the performance
of junction lasers. One example is the use of various strip waveguides (Lee, T.P.,
et al., 1975; Lee, T. P., et al., 1976) fforts to obtain single transverse mode
output. Another example is the e n of distributed feedback structures (DFB),
where a periodic waveguide simi corrugated waveguide filter is superimposed
on the gain medium. DFB promis mple, compact, low-loss laser resonators,
spectrally pure laser output and possibly smaller sensitivity of the laser wavelength
to variations in temperature. Figure 9 shows a side view of a separate confinement
GaAlAs heterostructure DFB junction laser that has been fabricated with the help of
molecular beam epitaxy. (Casey, H. C., et al., 1976) GaAlAs junction lasers of

somewhat similar geometry were recently demonstrated in cw operation at room temperature.

(Nakamura, M., et al., 1975; Aiki, K., et al., 1976) Our final example of current
research (Aiki, K., et al., 1976) is the monolithic integration on a GaAs chip of six
DFB junction lasers with slightly different corrugation periods. Each of these lasers
operates at a different wavelength, separated by about 20 R from each other as sketched
in Figure 10. The output from the six lasers is combined into a single multimode
waveguide on the same chip.
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L'AVENIR DES FIBRES OPTIQUES POUR LES
APPLICATIONS AERONAUTIQUES MILITAIRES
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75731 PARIS CEDEX 15
FRANCE

RESUME

Compte tenu de 1'évolution des technologies en matiére d'électronique embarquée, dont
1'aboutissement est 1'interconnexion des équipements par bus numérique, les systémes de bord vont
8tre & 1'avenir particuligrement vulnérables aux perturbations électromagnétiques ramenées par les
cdblages en cas de foudroiement ou s’ils sont soumis & une impulsion électromagnétique d'origine
nucléaire.

Les fibres optiques, étant intrinseéquement insensibles & ces phénoménes, paraissent donc
une solution attrayante 3 ce probléme.

L'état actuel de la technique montre la faisabilité d'interconnexions par fibres optiques,
en particulier pour la réalisation de bus numériques.

Les travaux a effectuer dans 1'avenir pour introduire ces liaisons au stade opérationnel
relévent donc maintenant plus du développement et de 1'industrialisation que de la recherche.

1. L'EVOLUTION DES MATERIELS DE BORD

Les possibilités ouvertes par 1'évolution des technologies électroniques, jointes au
besoin de matériels de plus en plus performants ont conduit & la réalisetion d'éguipements de bord
utilisant des composants élémentaires d'encombrement, de poids et de consommation d'énergie réduits.
Un des exemples les plus frappants & cet égard est 1'évolution des dispositifs transmettant les
ordres des commandes de vol & bord d'un avion.

Certes, les dispositifs d'entrée d’'ordres sont toujours des commandes manuelles & la dis-~
position du pilote, le syst@me de sommande agissant toujours finalement sur une gouverne, ou un
robinet de débit de carburant, mais la chalne de transmission s'est grandement modifiée depuis que
le premier evion a pris 1'air.

Les premiers dispositifs comportaient une transmission par cables et tringleries.

La vitesse des avions allant croissant, les efforts nécessaires pour braguer les gouvernes
s'accrurent eux aussi. Il devint donc nécessaire de venir en aide au pilote par utilisation de
servocommandes hydrauliques.

L'avenemant des composants semi-conducteurs permit de rendre ces systémes plus aouples
d'emploi, par introduction de la fonction pilote automatique, et exploitation des possibilités de
modification des caractéristiques dynamiques de réponse de 1'avion & une sollicitation. Cette étape
a conduit & introduire des liaisons filaires pour transmettre les ordres sous forme de signaux
électriques analogiques.

La dernidre étape est la généralisation des techniques logiques qui permet 1'intégration
des fonctions A bord de 1'avion. Les ordres sont alors traités et transmis sous forme numérique.

L’évolution qui vient d’'8tre évoquée a donc conduit, pour remplir une méme fonction, &
passer de dispositifs de transmission mécaniques, d'abord purement passifs, puis comportant une
amplification, & des dispositifs électriques mettant en jeu des énergles de plus en plus faibles.

2. EFFET DES PERTURBATIONS ELECTROMAGNETIQUES SUR LES LIAISONS FILAIRES -

Essayons maintenant d’'examiner de plus préds les perturbations électriques les plus importantes
auxquelles aura 3 faire face un avion et leur effet sur les lignes de transmissions & bord.

On prendra comme cas d'étude une liaison telle que celles représentées & la figure 1. Ce
peut 8tre le cas de la transmission des commandes de vol depuis un calculateur situé dans une soute
A équipement jusqu'd une servocommande située dans la queue de 1'appareil.

Les deux avions représentent respectivement le cas d'un chasseur et celui d'un gros porteur
(AWACS per exemple).




Les perturbations envisagées sont 1'impulsion électromagnétique dle & une explosion
nucléaire 3 haute altitude et le foudroiement de 1'avion en vol. On trouve & la figure 2 les
caractéristiques temporelles des deux phénoménes (LANDT, J.A, 1974; STEVENS, D.J, 1974;

ROBB, J.D, 1974)

Le couplage de 1'avion au phénoméne perturbateur va s'effecuter, soit par effet
d'antenne dans le cas de 1'impulsion électromagnétique (LANDT, J.A, 1974}, soit par excitation
directe en courant dans le cas de la foudre.

Les cablages seront alors le sidge de courants et tensions que 1'on peut approximer
par des sinusoides amorties de fréquence

. fo & 10 MHz pour 1'avion 1,

. fo &« 3 MHz pour 1'avion 2,
et ayant une période d'amortissement de 1'ordre d'une dizaine de microsecondes.

En admettant une atténuation de 20 dB au niveau de la peau de 1'appareil, on est conduit
3 estimer des valeurs crétes des courants en court-circuit et surtensions en circuit ouvert telles
que celles indiquées au tableau en figure 3.

On voit i{mmédiatement apparaltre le probléme posé par les surtensions au niveau des équi-
pements d'extrémité. Dans des conditions ol une lampe avait des chances de résister, un étage d'entrée
a transistors sera certainement mis hors service.

En outre, les évaluations faites ci-dessus supposent que la peau de 1'avion apporte une
atténuation importante et qu'elle est donc correctement métallisée. LA encore 1'évolution technolo~
gique s'effectue dans un sens défavorable avec 1'apparition des matériasux composites utilisés pour

gagner du poids dans la réalisation des structures d'avions.

4. LES MOYENS DE PROTECTION - INTERET CES LIAISONS OPTIQUES -

I1 convient bien slUr de noter qu'avec 1l'apparition des transmissions numériques, les
problémes de compatibilité électromagnétique ont conduit 3 prendre des précautions qui vont dans le
bon sens. En effet, les signaux numériques comportant des fronts raides se sont avérés étre
d'importants générateurs de parasites. Ils ont donc nécessité l'emploi de paires bifilaires tor-
sadées blindées qui minimisent 1'interaction de signaux véhiculés en mode différentiel sur de tels
cadbles avec 1'environnement.

Mais hélas, si 1'on se référe aux amplitudes des signaux perturbateure que 1'on risque de
recueillir sur une paire bifilaire, méme si 1'on escompte un affaiblissement de 60 dB pour le pas-
sage au mode différentiel, on voit que 1'on recueillera encore plusieurs volts, voire plusiaeurs
dizaines de volts au niveau du récepteur. ;

De tels niveaux sont inacceptables pour des circuits logiques qui risquent alors de changer
d’'état de maniére intempestive.

Quelles sont donc les solutions envisageables ?

On peut songer A& utiliser des cadbles surblindés pour obtenir une atténuation supplémentaire
des perturbations. Ces cdbles devront en outre &tre & haut isolement pour supporter des surtensions de
plusieurs dizaines de kilovolts pendant plusieurs microsecondes.

Dans ce cas 11 faut également découpler les équipements d'extrémités par des transformateurs
A haut isolement également, faute de quoi les surtensions en mode commun détruiraient ces équipements
(voir fig. 4).

La solution relative 3 la protection d'une liaison filaire cumule donc isolement et blindage,
sources de poids et d'encombrement, et ne devrait donc @tre considérée que comme un pis-aller par les
avionneurs.

Ces inconvénients des liaisons filaires ayant &té mis en évidence, les liaisons par fibres
optiques apparaissent comme une alternative séduisante. D&Ja mieux que compétltives avec les liaisons
filafires non protégées si 1’on considére leur poids linéique, elles apportent en outre, et 1'isolement,
et le blindage ..... ou plus exactement elle rendent ce dernier inutile.
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5. FAISABILITE DES LIAISONS PAR FIBRES OPTIQUES -

Sans revenir sur la possibilité de réaliser des liaisons point & point qui ne posent pas
de problémes techniques particuliers, examinons le cas d'un bus optique, avec comme objectif un débit
numérique de 3 Mbits par seconde un taux d'erreur de 10 "9 entre un ensemble de 19 terminaux, dans le
cas de 1l'avion 2.

L'architecture générale du systéme est représentée & la figure 5, la longusur maximale
des liaisons est de 50 m si le coupleur central (fibre mélangeuse) est correctement placé dans 1'avioa.

Pour des raisons de synchronisation, on suppose le signal codé biphase. On trouve 3 la
figure 6 1'allure temporelle du signal ainsi que sa densité spectrale.

La réalisatin de ce bus peut se faire de la fagon suivante (fig.7)
- émission par diode électroluminescente

- transmission par falsceau de fibres multimodes, le couplage entre émetteur et faisceau,
entre deux faisceaux, entre faisceau et récepteur s'effectuant par fibre mélangeuse.

- réception par photodiode PIN.
Considirons le bilan énergétique d'une telle liaison. 2

Pour une probabilité d'erreur de 10-9 le rapport S/B en sortie de la diode PIN doit &tre
d'environ 17 dB si 1'on décode le signal bibphase par intégration (THOMSON-CSF, 1974).

Pour passer correctement ce signal biphase & 3 M bits/S, i1 faut une bande passante de
5 3 6 MHz.

La puissance équivalente de bruit de la photodiode &tant d'environ 0,4 pW/Vﬁ;: la puissance
optique du signal regu doit &tre :

Po & 10 nW

Le bilan des pertes s'&tablit comme suit dans le cas le plus défavorable ED'AURIA, L. et
JACQUES, A., 1978).

- couplage diode électroluminescente - monofibre : 6 dB
- couplage monofibre faisceau : 1 dB
- porte due au taux de remplissage : 3 dB
- couplage faisceau - monofibre : 1 dB
- couplage monofibre - photodiode : 1 dB
- 50 m de faisceau & 100 dB/Km : 5 dB
- coupleur 18 voies : 20 dB
- raccordements au coupleur : 5 dB
- 30% fibres cassées par trongon : 3 dB

Pertes totales 45 dB

D'ol la puissance nécessaire au niveau de la diode émettrice:
Pi =0,3mW

: Une puissance de 1mW pouvant 8tre obtenue sous faible courant au niveau de cette diode,
8 on ne rencontrera pas de probléme de durée de vie pour ces composants.

La liaison est tolérante au niveau de la précision d’'ajustement des connecteurs ainsi qu'au
% niveau des cassures de fibres (2 fibres sur un faisceau de 7 7ibres; 5 sur un faisceau de 19).

11 apparalt néanmoins qu'un poste important au bilan des pertes est di aux connexions
(5 dB par raccordement entre deux faisceaux).

s g i o « o RRr
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I1 en résulte par exemple qu'on ne peut effectuer de franchissement de cloisons
étanches en sectionnement comme 11 est d'usage & moins d'augmenter la puissance d'émission, ce
qui se fera évidemment au détriment de la durée de vie de la diode électroluminescente.

7. LE DEVELOPPEMENT DES TRANSMISSIONS PAR FIBRES OPTIQUES -

Ceci nous améne tout naturellement & évoquer les travaux nécessaires au développe-
ment des systdmes & fibres optiques en tant que moyens opérationnels de transmission & bord
d'avions.

21 Travaux sur ' les connexions

Le premier axe d' effort consiste & réduire les pertes au niveau des connexions,
par exemple en connectant les faisceaux fibre & fibre. Cette solution permettrait de s'affranchir des
pertes dans la fibre mélangeuse ainsi que des pertes dues au taux de remplissage. Le probléme auquel
onh se heurte dans ce cas est celui des tolérances mécaniques, en particulier en ce qui concerne
la reproductibilité du diamdtre des fibres, condition essentielle de 1'alignement des coeurs dans
un faisceau multifibre.

Ze2¢ Normalisation

La remarque formulée ci-dessus souldve le probléme de la concurrence entre cable monofibre
et faisceau multifibre dans les applications embarquées. -

Si 1'on considére que, les fibres étant fragiles, elles doivent de toute fagon &tre protégées
par une enveloppe mécanique résistante, alors le monofibre s’'impose. Si par contre 1'on considére, comme
cela paralt Btre le cas, que la principale source de cassures est la torsion des fibres lors des manipu-
lations, alors le faisceau de fibres apporte une redondance qui permet d’utiliser un gainage mécaniquement
moins résistant, donc plus léger.

De toute maniére, il semble souhaitable que le nombre de fibres dans un faisceau reste inférieur
ou égal a 19.

En outre et ceci est un problé#ne connexe du précédent, le développement des fibres se fait
de manidre anarchique : diversité de cotes - diamétre de coeur et de gaine, diversité de formules
conduisant & une diversité d’indices de réfraction, qui nuisentd la compatibilité des composants. Une
telle anarchie ne peut que freiner 1'essor des systémes d'interconnexion par fibres optiques.

11 paraltrait donc souhaitable dans ce domaine d’'élaborer une norme définissant le nombre
de fibres d'un faisceau, les diemdtres et indices de réfraction du coeur et de la gaine des fibres, de
meme qu'ont été adoptées pour les cadbles coaxiaux les impédances normalisées de 50 et 750 .

7.3 Equipements d'extrémités

Le troisiéme axe d'effort concerme 1'adaptation entre les liaisons optiques et les équipements
connectés.

Cette adaptation consiste pour le fabricant ae composants, & développer des émetteurs et
récepteurs, intégrant ou non les composants optoélectroniques, mais d’emploi analogue & celui des ampli-
ficateurs de ligne pour les transmissions sur paires bifilaires.

De tels émetteurs devraient par exemple admettre comme entrée des signaux logiques au
standard TTL, accompagnés en paralléle par un signal d'horloge de synchronisation, les récepteurs
associés restituant ces deux signaux.

Pour le fabricant d'équipements, cette organisation implique la transmission séquentielle de
1'information.

7.4. Problémes de montage et de maintenance

Le quatriéme axe d'effort concerne 1'adaptation des liaisons optiques aux techniques de
montage et de maintenance usuelles en aéronautique. Il conviendra donc autant que faire se peut de
minimiser la remise en cause des méthodes de travail.

Cela implique au niveau des opérations de cdblage la possibilité de couper, de condition-
ner les extrémités de cable optique et de monter les connecteurs dans les conditions rencontréas dans
un atelier de cablage.

I1 convient donc de développer des outils simples d'emploi, ne demandant si possible pas plus
de dextérité de la part du cableur que le maniement du fer 3 souder.

Cela implique également :
- soit d'incorporer aux récepteurs une commande automatique de gain leur assurant une dynamique
de fonctionnement ccmpatible avec la dynamique des atténuations dans les réseaux d'intercon-

nexion complexes,

- soit d'inclure dans ces réseaux des dispositifs égaliseurs de puissance optique (PORTER D.R
et REESE J.R, 1978).
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Cela implique enfin un effort au niveau des connecteurs qui devront supporter le montage
et le démontage dans une soute d'avion sans nécessiter 1’ambfance dépoussiérée d’une salle blanche.

8. CONCLUSION

Les fibres optiques abordent maintenant ce qui peut &tre considéré comme une phase de
développement précédant leur introduction opérationnelle & bord des avions militaires.

L'état de la technique permet dores et déjad de répondre 3 des besoirns ponctuels portant
sur des liaisons point & point.

On peut donc espérer voir le probléme de la protection des liaisons 3 bord d'avion contre
les perturbations électromagnétiques résolu de manieére plus légére que ne le permettent les techno-
logies filaires actuelles.

Toutefois les problémes de protection au niveau des alimentations et des circuits internes
des équipements restera justiciable des méthodes de protection classiques.

On peut espérer que le gain de poids apporté par les liaisons optiques augmentera la marge
de manoeuvre pour les protections classiques restant a mettre en oeuvre.
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RECENT PROGRESS IN OPTICAL FIBER CABLES FOR USE IN THE OCEAN

G. A. Wilkins R. A. Eastley
Naval Undersea Center Naval Electronics Laboratory Center
Hawaii Laboratory San Diego, California, USA

Kailua, Hawaii, USA
SUMMARY

Physical and optical test results are given for several undersea, low loss, optical
and electro-optical cable units. Diameters for these cables range from 1.0 mm to 17.5 mm,
and all were designed to operate in environments of high tensile, bending and hydrostatic
stresses. Design constraints necessary to isolate the optical fibers from such stresses
are described. Design details and rationales are given for each cable unit. Continuing
technical problems and probable solutions are discussed.

1. INTRODUCTION

The last decade has seen a rapid increase in the degree of sophistication required
of cable-controlled systems which must carry out search, recovery, inspection and general
work operations on or near the deep sea floor. This soghistication has precipitated a
serious conflict between the simultaneous needs for higher information bandwidth and
reduced cable diameter. Much higher (multi-megahertz) bandwidth is required to support
such tools as search and mapping sonars, chemical/magnetic/nuclear sensors, and high
resolution, real-time television (even stereo TV). Much smaller cable diameter is needed
to reduce drag and to improve system depth performance in a towing mode or in the face of
ocean currents.

While cable bandwidth and diameter are the chief protagonists in this conflict,
other cable parameters---strength, flexibility, air weight, in-water weight, payload
capacity, power transfer and operational safety factors---play important roles. If these
"secondary' parameters are criticsal, then bandwidth is normally sacrificed and system
sensor performance is degraded. If bandwidth requirements cannot be relaxed, then system
compromises may take several forms. The cable's diameter may grow beyond desirable
limits, so that storage volume, handling system dimensions” and sensitivity to currents are
pushed to their limits. Additional electrical conductors may be required, adding weight
but not strength to the cable, so that the system's safety factor (ratio of cable strength
to maximum static cable tension) is reduced gelow a safe level.

The problem is not limited to the deep sea search or work system (Sigel, G.H.,
1976). It will be encountered whenever high frequency information must be transmitted
through a cable which has an overly constrained diameter. Other examples are numerous;
the data link between a deep sonobuoy and its surface transmitter, a video data tether
between a diver and a remote monitoring station, and the monitor/control link for a wire-
guided torpedo. In many undersea systems, the need for data at high (to megahertz) rates
is stymied by conventional cables ich are diameter-limited to much lower bandwidths.

As an illustration, consider a cyﬁical tether cable (Fig. 1), commonly used to tow
instrumentation packages at depths to 6 . The cable's rated breaking strength is
15,400 kg*. 1Its weight in air is 1050 kg/km, which corresponds to an over-the-side weight
of about 5100 kg for tethered operations to 6 km. System safety factor with no payload,
is 3, which is uncomfortably less than the value of 5 normally required for lifting and
towing operations at sea. Addition of any payload weight will further reduce this safety
factor. Cables of this type are often used to support deep tow operations at a safety
factor which approaches 2. The incidence of cable failures is high.

Telemetry attenuation for the cable in Fig. 1 is about 5.9 dB/km at a frequency of
1.0 MHz. If an 8-km cable length is needed to ensure package deployment to a depth of 6
km, then the highest frequency that can be passed through the cable and reconstructed (60
dB total attenuation) is 1.6 MHz. This is insufficient to transmit real-time television
without severely degraded resolution, and will certainly not allow real-time stereo TV.
It has mnrginnl capability for support of today's high resolution, high-search-rate
sonars. 1If there is a requirement to simultaneously operate two or more such sensor
systems, the cable is totally inadequate. In fact, a usable bandwidth of 30 to 50 MHz
will be needed to simultaneously transmit data from all of the sensors that should be
included in an effective deep sea search or mapping system.

The historical approach to the bandwidth problem for a coaxial cable has been to
increase the diameter of the dielectric spacer, while maintaining constant coverage by the
shield conductor. (The latter step controls radiation leakage, gut adds dead weight to
the cable.) Assume, for ex le, that the dielectric 0.D. of the cable in Fig. 1 is
increased from 0.706 cm to 2.54 cm (i.e., a type SD transoceanic telephone cable). The
limiting frequency for 60 dB attenuation over an 8-km length becomes 33 MHz---but the
cable's diameter, storage volume, drag cross section and weight must all rise. A much

* This paper will use those units which are normn}ly measured in the laboratory or the
field---e.g., kg rather than newtons, and kg/cmZ rather than N/mZ or pascals.




R O i

4-2

longer cable will be needed to compensate for the effects of current drag, so ‘that part of
the additional bandpass is lost. The dead weight due to additional copper in the cable
will undoubtedly reduce the system's safety factor. Finally, a larger handling system and
ship will be required to carry and deploy the new cable. In summary, a conventional
approach which narrowly focused on the need for greater cable bandwidth has forced the
entire system to grow to monstrous proportions and cost.

Some of this penalty can be alleviated through use of special cable materials;
e.g., lightweight loadbearing and electrical elements (Wilkins, G.A., 1975a, 1975b, 1975c
and 1976a). Substitution of DuPont's KEVLAR-29 or KEVLAR-49 for steel tension members can
reduce cable weight and increase the system safety factor. This approach does nothing,
however, to alleviate the basic dependence of bandwidth on cable diameter. This is the
primary role for the fiber optic data link, and the reason why our laboratories formed a
technical partnership to attack the bandwidth/diameter constraint through the use of
optical figer technology.

The program goal has been the development of a family of reliable, fiber optic,
undersea cables. These range from a miniature data link for techering of self-powered
systems, to optical units that can be assembled into larger, relatively conventional,
electromechanical cables to support system data transmission functions. Sponsorship has
also been by partnership---the Defense Advanced Research Projects Agency because of its
interest in deep ocean work cables, the Naval Air Systems Command in sonobuoy technology,
and the Naval EgeCCronic Systems Command in general undersea cable technology. All fiber
manufacturing and cable assembly phases of the program have been carried out by private
industry, as identified in Section 6.

2. DESIGN CONSTRAINTS ON THE OPTICAL FIBER

We have found four properties of the optical fiber--~four modes of response to a
local environment---to be of dominant importance in the design of fiber optic cables.
These are contamination by water, microbending, curvature of the symmetry axis, and axial
(tensile) strain. The design of an effective optical fiber cable must accommodate each of
these properties (Wilkins, G.A., 1976b).

2.1. Water Contamination

A glass fiber will weaken and ultimately fail if it is simultaneously exposed to a
humid environment and to tensile stress. The mechanism (Gulati, S.T., 1975; is probabl

an interaction of the hydroxyl ion with the walls of minute cracks or crazing in the fiber
surface. The result---analogous with stress corrosion in metals---is that these cracks
propagate into the fiber cross section until the unit fails.

If the fiber is not under tensile stress, this weakening is much less evident and
may not exist at all. The design constraint, therefore, has two components. The fiber
must be protected from direct exposure to water molecules. In undersea applications, this
is a difficult or impossible fask, since the cable may be required to ogerate for years in
a high pressure (to 700 kg/cmé¢) environment. Second, the fiber should be maintained at as
low a tensile stress as possible.

Many coating materials have been evaluated for their ability to provide short term
(to hundreds of hours) isolation of optical fibers from water at high pressure. These
include ethylene vinyl acetate (EVA), fluorocarbon resins (TEFLONR), polyvinylidene
fluoride (KYNARR), and polyester elastomers (HYTRELR). The material must have extremely
low permeability, and must form a smooth, intimate, continuous coating on the fiber. Best
results are obtained if the coating is applied by extrusion (actually '"pulltrusion'), as
an in-liae step in the fiber drawing process. The coating must be applied before the
fiber can be contaminated by atmospheric water or dust, and before it can contact any
external surface.

2.2 Fiber Microbends

This "buffering” layer has a second critical function; it must stiffen and isolate
the optical fiber to reduce its tendency to conform to adjacent roughened surfaces.
Examples of such surfaces include a storage reel or deployment sheave, the insulation
around adjacent conductors within a cable, and crossovers due to improper winding of the
optical cable unit on a storage reel. Such "microbending' has two serious impacts.

First, it increases radiation losses in the fiber's higher order modes which, in order to
remain in phase while transiting the outside of the bend, would have to exceed the speed
of light in the medium. Second, it increases mode coupling, which converts lower order
modes into higher (more lussy) orders. These effects can drastically increase the fiber's
optical attenuation. Olshansky (1975) has shown that, for the case of a 125-um fiber .
passing over a single 12-um bump, the additional attenuation can be 0.15 dB. Multiple
microbends of this type in an actual cable can increase fiber attenuation by hundreds of
dB. One of our early attempts to strengthen a poorly buffered fiber with a matrix of 9-um
S-Glass filaments in epoxy resulted in more than 1400 dB/km of additional attenuation.

The fiber buf£¢r1:¥ annulus can give almost complete protection against microbends.
To do so, it must have sufficient rigidity (compressive modulus) to support the fiber
against localized bending or buckling. It must also be sufficiently plastic to transmit
external anisotropic stresses to the fiber as though they were tadinlgy isotropic. The
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buffer's composition must be uniform, and its outer surface smooth and circular. Gloge
(1975) recommends a compound buffering jacket, with a hard inner structure and a soft
outer shell. Our own experience, described below and in the section on experimental
cables, is somewhat different.

Two DuPont materials---TEFLON PFA and HYTREL---have shown the greatest promise in
satisfying the several functions we require of the fiber buffer. Both have been applied
over an initial coating of silicone RTV (SYLGARDR). Of the two buffering materials, HYTREL
is preferred because o% (1) its lower melt temperature, and (2) TEFLON's tendency at high
temperature to chemically react with the walls of the extrusion cavity. This reaction
groduces tiny carbon-like flakes, which flow through the die, become fixed within the

uffer annulus, and may act as local microbend centers. The two buffering materials,
compared in Table 1, have been applied by ITT (Roanoke, Virginia) under contracts with our
laboratories. ;

2.3, Effects of Optical Fiber Curvature

In general use, any optical fiber will be stored on a reel, or assembled as a helix
in a cable structure, or both. These operations will impose a curvature on the fiber and,
therefore, will also induce radiation losses and mode coupling. The radius of this type
of bend is large compared to the fiber radius, so that the relative induced attenuation
should be much less than it is for microbending. However, the entire cable is involved in
the "macrobend'", so that total attenuation impact may be quite large. This may cause
serious operational problems, since the attenuation of the stored fiber may be much
greater than that of the same fiber after unreeling and deployment.

Gloge (1972) predicts that, at a wavelength of 1000 nm, a step index fiber will
almost immediately lose one-half of its transmission modes if the radius of curvature is
equal to the diameter of the optical core divided by the relative index difference between
core and cladding. For a core diameter of 0.1 mm, and relative index difference of 0.01,
this critical radius is 1 cm. In the case of the graded index fiber, the corresponding
radius is twice as great. Mode coupling will tend to replenish these high-loss modes, so
that bending attenuation will continue to reduce the intensity of the transmitted light.

The onset of curvature-induced attenuation will be extremely rapid. As Gallawa
(1976) points out, not only will the optical power loss in bending be an exponential
function of the bending attenuation coefficient, but that coefficient will itself be an
exponential function of the fiber radius of curvature. This means that a relatively small
change in the fiber's radius of curvature can increase bending losses from negligible to
dominant levels.

The fiber's curvature is also constrained by its strength or, more realistically,
by its allowable strain. If an optical fiber of (cladding) diameter d is wrapped around a
cylinder of radius R, then the relative tensile strain on the fiber's outermost surface
will be ¢ compared to that of the (neutral) axis of fiber symmetry, where;

l1+e = (R+d)J/(R+ d/2) (1)

If the cylinder radius is 1 cm and the fiber diameter 125 um, this surface strain
will be more than 0.6%. Such a value is small compared to reported average fiber breaking
strains of 4--6%. It is ?uite large compared to the '"weak link' breaking strains we have
encountered in kilometer lengths of production optical fibers.

Two years ago, the strongest optical fibers available had approximately a 50%
probability of breakage when 1 Eilometer was exposed to a proof strain of 0.25%. We have
recently been able to purchase (at a fixed price) kilometer-length optical fibers, both
step !nd %;lded index, which have survived a manufacturer's proof test. to a stress of 7000
kg/cm<. is is equivalent to a proof strain of 1%. It seems reasonable that, within one
or two years, very long fibers can be purchased to specifications of 27 (or even higher)
demonstrated survival strain.

Until this capability is well established, however, we have arbitrarily imposed a
minimum fiber radius of curvature of 5 cm in the design of all optical cables. This is
eguivnlent to a differential bending strain of 0.1257 for a fiber with an overall diameter
of 125 ym. Love's (1976) criterion of proof testing states that the ability of a brittle
material to survive for very long periods (e.g., 20 years) at a given strain level can be
verified by subjecting it for a short period to a strain three times greater. In our
case, the ratio of proof strain to bending strain is 8/1, which should leave an adequate
margin for residual (assembly) tensile strains.

2.4, Fiber Tensile Strain and Strain Relief

In treating the tensile properties of optical fibers, the literature normally
focuses on the need for higher fiber ultimate strength. We find that fiber strain---i.e.,
the highest achievable strain-to-break in a long figer---is a more meaningful property in
cable design. The two parameters are, of course related via the fiber's tensile modulus.
But expressing the need in terms of strain allows the materials scientist the potentially
useful freedom to adjust strength and moduluz, rather than strength alone.

The optical fiber should never be expected to carry an appreciable load. First of
all, it cannot. Even if we were able to increase the minimum strength of long optical
fibers by a factor of 10 (to 70,000 kg/cmZ), a 125-um fiber could survive a load no
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greater than 8.6 kg. This is negligible compared to the strength required in most under-
sea cables. Other cable elements must carry the tensile load. These elements will have
two primary functions; to provide the strength necessary to absorb the design cable load
with an acceptable safety factor, and, while so doing, to provide adequate strain relief
for the optical fiber(s). The question of '"How?" this is to be done is a proper subject
for cable design. We are proceeding along three principal paths.

2.4.1. Fibers With Higher Ultimate Strain

As stated earlier, it is now possible to buy, at a fixed (but high) price, very
long optical fibers that have been proof tested to 17 strain. This strain level allows
the full strength of such high-modulus loadbearing materials as boron and graphite to be
achieved in a cable. At this strain, steel wires will be loaded to their yield stress.
When 2% fibers are available, the ultimate stress of KEVLAR-49 can be achieved. At 47
strain, the same will be true for KEVLAR-29 and S-Glass. (Note that fiber strength is not
mentioned in this projection.)

We believe that optical fiber 'strength' objectives should be threefold. First,
the minimum or weak-link strain of the optical fiber must be increased toward the limits
just given. Second, these limits must be achievable over lon{er fiber lengths, with a
goal of 10 kilometers or the projected distance between signal repeaters, whichever is
greater. Finally, these fiber strain properties must show little or no degradation with
age or (normal) cable usage.

2.4.2. Higher-Modulus Loadbearing Elements

For any given cable load, the strain on the optical fiber will decrease as the
tensile modulus of the loadbearing section is increased. This factor, considered alone,
would indicate a favored position for such loadbearing materials as graphite and boron,
since their tensile modulus can be as much as 65% greater than that of steel and 5 times
greater than glass. But boron and graphite, in addition to being expensive and difficult
to process, are extremely stiff. Although one of our contractors has built prototype,
optical fiber, cable units using both material, results to date have been unsatisfactory.
The cable units are so stiff that they fail, under pure bending loads, at sheave/cable
diameter ratios of 50/1.

The development work reported here has concentrated primarily on (stranded) steel
and HTS 901 S-Glass tension members. These materials have given the best compromise
between the conflictini needs for high modulus and flexibility. They also give the
optical cable unit sufficient usable tensile strength that it can readily be handled by
modern high speed cabling machinery when the unit is to be assembled into a more complex
cable structure.

Our program has made little use of KEVLAR to date, primarily because of its low
rigidity in compression. One cable unit (reported later in this paper) did use KEVLAR-49,
but only to furnish handling strength while the unit was assembled as the optical core of
a larger electromechanical cable. During this assembly, the unit was maintained under
constant and controlled tension. We are planning to make use of "hybrid" loadbearing
structures; especially composites of KEVLAR-49 and S-Glass, with the first material
supplying the modulus and the second a predictable degree of stiffness.

2.4.3. Strain Relief Through Cable Geometry

The third design path assembles the optical fiber as a helical element in the cable
structure, and offers two potential gains. First, it allows the fiber to cycle around the
cable axis of symmetry (the neutral or unstrained axis during bending). When the cable is
then bent around a sheave or reel, the fiber alternates between the axially-compressed and
axially-tensioned sides of the helix. If the fiber is loosely held in the structure, the
average effect (over one helix cgcle) is as though it is continuously on the neutral axis.
When applied to KEVLAR-49---another non-yielding material---this helix structure gave
nearly a 1000/1 increase in flexure lifetime (Wilkins, 1975a).

In addition, the helical optical fiber is given a measure of strain relief when the
cable is subjected to tensile loading. This advantage is rather limited, especially if
the dclign goal is a cable with a diameter only a few times greater than that of the
optical fiber. Consider the best possible helix---an optical fiber contained within a
hollow tube. Except for its ends, which are fixed to the ends of the tube, the fiber has
total freedom of motion. Along the tube, the fiber axis is defined by the helix mean
¥1tch diameter D, and by the helix angle ©. Relative to the length of the tube (Z), the

iber length is defined by;

A = Z/Cos® (2)
1f the tube ends are gripped and stretched, the fiber helix will begin to collapse. The
fiber will experience no tensile strain until the tube has suffered an absolute strain of
§ (that is, a relative strain of o = §/Z), where;

o = §8/Z = (1 - Cosd)/Cos0d (3)

In terms of the minimum required strain relief o, this defines a minimum value for the
fiber helix angle ©.
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® > cos~l(1/1+0) (4)

The maximum allowable value for © is set by P, the minimum allowable radius of curvature
for the optical fiber.

p = D/25in20 (5)
so that;
0 < sin~l(p/20)¥ (6)

Equations (6) and (4) define the upper and lower bounds, respectively, for the
optical fiber's helix angle in the cable structure. These limits are plotted in Fig. Loy
corresponding to our own design constraints of a minimum fiber strain relief of 0.57 and
5-cm minimum radius of fiber curvature. Note how confining the allowed 0--D space is.
The full story is even worse, since the non-zero cross section of the fiber must be
considered. For the geometrical constraints just stated, and a 125-ym fiber buffered to a
diameter of 0.05 cm, no helix with an overall diameter less than 0.149 cm is allowed.
Cable diameter is now 11.9-times greater than that of the optical fiber---a factor of 142
growth in cross sectional area---just to achieve a 0.57% strain relief.

We have concluded that the fiber helix is only a partial solution for tensile
strain relief of the miniature optical cable unit; i.e., any cable with an outer diameter
less than about 10 times the diameter of the bare fiber. The helix has considerable
value, however, in relieving the fiber from bending stresses, and certain design criteria
can be applied toward that application. One of these is that the fiber helix should pass
through at least one full cycle within the arc length of a cable bend. Assume that the
cable makes a 90-deg bend around a 5-cm-radius sheave, so that the contact arc length (L)
is 3.93 cm. If the mean pitch diameter (D) of the optical fiber in its helix is 0.10 cm,
then the minimum helix angle required to give this cycle length is;

© > Tan"l(7D/L) = 4.57 deg %)

As Equation (6) and Fig. 2 verify, this helix angle can be increased to as much as 5.74
deg without violating the radius of curvature limitation. At the larger angle, the helix
cycle length will be 3.13 cm.

% B EXPERIMENTAL CABLES

Although several cables have been designed, built and tested during the ;ast two
years of our program, only four will be reported here. The smallest is a single-fiber
optical cable unit, without conductors, intended to model both a miniature data link for
use with an undersea, self-powered, instrument package, and an optical data link in a more
complex cable. The largest is a complete electromechanical cable, investigated as a
potential replacement for the type of conventional cable described in Fig. 1. Designs and
design philzsophies for these four cables are described below. Test results will be given
in Section 4.

3.3 Single-Fiber Miniature Cable

This cable, illustrated in Fig. 3, was fabricated to explore minimum diameter
limits for a simple optical cable which combined (a) low additional attenuation due to
cabling stresses, (b) sensibly high tensile strength and modulus, and (c) the flexibility
and flexure resistance to allow reeling and loaded flexure with a 5-cm curvature radius.
When used with a self-powered instrument package, it could serve as the entire support
cable. Alternatively, it might be assembged into a more complex electromechanical cable
of arbitrary dimensions and performance.

As shown in Fig. 3, the optical fiber is coincident with the cable axis. The fiber
could have been assembled as a helix, but the gains would have been minor compared with
the c lexity and risk of such an operation. In the limiting helix, the manufacturer's
TEFLON buffer would have been tangent to the unit's outside surface. This would have
forced the londbearini structure to also be a helix, resulting in considerable rotational
torque under tensile loading. The largest helix angle that could have been chosen without
violating our 5-cm radius of curvature constraint was 5.41 deg; corresponding to a helix
length of 2.95 cm, and a theoretical strain relief of 0.45%. Actual strain relief would
have b:en less, since radial shrinkage of the fiber helix would have been resisted by a
central core.

The loadbearing S-Class filaments in the cable are paraxial, and occupy a 64%
volume fraction within their annulus. This is reasonably close to the n/4 tgeOteticaI
limit for squarecentered picking. Ideally, these filaments would have been incorporated
as a two-layer contrahelix, to rove flexibility while maintaining a zero-torque con-
figuration. We may att t to do this in the future, but the required tooling costs are
currently beyond the level of available funds.

A concerted effort was made to fabricate the cable with a void-free construction.
The cable's weight is 2.09 kg/km in air and 0.84 kg/km in seawater. 1Its average breaking
strength of 255 corresponds to a (cable only) safety factor of 51 for operations to a
depth of 6 km. e cable can carry a package with an in-water weight of 46 kg to this
depth, while maintaining a system safety factor of 5. The 8 km of cable necessary to
support this operation---including storage reel---can easily be carried by one man!




£
#
®

Why did we choose S-Glass with its low modulus and 4.57% breaking strain? First,
the choice of loadbearing material is relatively unimportant if the optical unit is to be
assembled into a larger cable. There, cable strain will be determined by total cable load
and by the tensile modulus of other parts of the structure. Second, major increases are
being achieved in strain-to-break for long lengths of optical fiber. As this improvement
continues, the optical fiber will be able to survivez a much larger fraction (perhaps all)
of the S-Glass breaking strain. Finally, experieance gained in assembly of S-Glass/epoxy
matrices can be translated into similar structures where the loadbearing filaments are
graphite, boron, KEVLAR, steel or hybrid compositzs of these materials.

Trial runs have been made in which the S-glass filaments were replaced with fila-
ments of graphite, boron or steel. The results to date have been mixed and generally less
than satisfactory. We have not yet solved problems with bonding of the epoxy resin to
these materials, and with breakup of the graphite and boron filaments as they pass through
the closing die. Work in this area is continuing under contract.

A slightly smaller version of the cable unit in Fig. 3 has just been completed, but
has not yet been fully tested. An informal report on its performance should be ready in
time for the NATO Conference in May, 1977. The new unit has a diameter of 0.102 cm, a
breaking strength of 145 kg, and an attenuation (850 nm) of 3.8 dB/km. Diameter reduction
was achieved by deletin tge second buffer annulus, and replacing the TEFLON PFA with
HYTREL. (The second buffer had been specified during an early program stage when the
quality of the initial fiber coating---then, polyvinylidene fluoride---was so poor, due to
localized "bumping'" and incomplete wetting of the fiber surface, that additional pro-
tection against microbends and water intrusion was needed.) .

3.2, Two-Fiber Miniature Cable (Freiburger, R.J., 1976)

In this design, shown in Fig. 4, an attempt was made to increase the cable's
tensile modulus (decrease fiber strain under load) by incorporating stranded steel wires
as the loadbearing structure. The optical fibers have no protective buffering beyond that
supplied by the manufacturer. The helical geometry gives the optical fibers a strain
relief of 0.1%---somewhat academic because of the presence of the steel wires---and a
radius of curvature of 9.8 cm. Assembly of internal components and final jacketing were
carried out as separate and independent processes. Planned cable dimensions were 0.147 cm
(major axis) and 0.128 cm (minor axis). The dimensions shown in Fi%. 4 apparently re-
sulted from an over-expansion of the outer jacket after it emerged from the extrusion die.
Due to equipment limitations, no void filling agents were employed.

The cable's breaking strength is 122 kg. Its weight in air is 7.58 kg/km, which
corresponds to an in-water weight of approximately 5.55 kg/km. This gives a safety factor
(cable alone) of 3.66 for tethered operations to a depth of 6 km. The actual safety
factor will be somewhat less due to compression of internal voids at high pressure, since
this effect will increase the cable's specific gravity.

This stranded steel cable is far more flexible than the S-Glass-armored unit
described earlier. It can easily be wound around a forefinger, and readily accepts axial
twisting. (The latter feature is especially important if the cable is to be stored by
windini on a mandrel, then deployed by pulling it from the end of a storage cannister.)
As will be seen later, its greatest single fault is the lack of any void-filling agent.
This makes the cable highly susceptible to radial compression at high pressure, with
resultant microbending of the optical fibers.

3.3. Six-Fiber, Deep Sea, Work Cable (Freiburger, R.J. 1976)

Here, the conventional deep sea cable described earlier (Fig. 1) was used as a
model, and was modified to accept a multi-fiber optical data link. In addition, several
Yhysical design constraints were imposed. The cable was to have a breaking strength at

east as great as the original unit, but was to be torque balanced. (The %J69RC armor has
a torque mismatch of about 2/1.) The new cable was to be more flexible, with a longer
life under loaded flexure. Finally, it was to have the same (or lower) conductor resis-
tance and the same (or higher) voltage rating as the model cable.

The cable's 6-fiber optical core is shown in Fig. 5, and the final cable in Fig. 6.
A 1420-Denier KEVLAR-49 yarn was used as the loadbearing member in the core unit. This
maintained flexibility and low weight, and fnve the optical unit a safe handling tensicn
of at least 15 kg (1% strain) during following assemb { operations. Note that the core
has space available for up to 12 optical fibers. If all of these fibers were graded
index, the cable could have a bandpass of more than 1000 MHz over an 8-km length. In
addition, the coaxial configuration for the electrical section allows emergency signals to
be transmitted over this length at frequencies to about 1 MHz.

The cable's weight is 1040 kg/km in air and approximately 822 kg/km in seawater.
At its measured breaking strength of 16,800 kg, this corresponds to a (cable only) safety
factor of 3.41 at a 6-km operating depth. Again, equipment limitations precluded void
filling of the cable's optical core.

3.4, Three-Fiber, Deep Ocean, Work Cable

The last experimental cable reported here (Fig. 7) was actually the first cable
fabricated under our program. Again, it departed from the conventional deep sea cable of
Fig. 1 as a model, and attempted to improve that design while adding optical conductors.
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The two power conductors were reconfigured to allow reduction of cable diameter with no
sacrifice of electrical performance.

The optical section consists of three, S-Glass-ruggedized, step index, optical
fibers, each having the cross section shown in Fig. 3. Thes~ subunits were joined in a
no-helix configuration, then molded to a diameter of 0.305 ( . with the same thermosetting
epoxy resin used in the S-glass matrix. A bedding jacket of high density polyethylene was
extruded over this core to a uniform diameter of 0.457 cm. Serving of the electrical

" conductors and extrusion of the electrical jacket were performed as an in-line process, to

maintain precise positioning of the copper wires and to minimize any contamination which
might reduce the effectiveness of the insulation between the two wire groups. All in-
ternal voids were filled. Finally, the armor package was assembled in a torque-balanced
configuration. The cable's design breaking strength is 17,600 kg. With an air weight of
859 kg/km and in-water weight of 685 kg/km, it has a (cable on1y§ safety factor of 4.28
for tethered operations to 6 km. 5

The three-fiber work cable was fabricated early in our learning curve and, as a
result, suffers from several critical deficiencies. The most serious of these are:

® Fibers And Fiber Buffering. The optical fibers predated the results of recent
strength Improvements, and had '"weak link" breaking strains of about 0.25% in kilo-
meter lengths. The initial buffering jacket (polyvinylidene fluoride) did not
completely wet the fiber, and tended to form localized bumps on the fiber surface; it
actually served as a source for microbends with amplitudes that were often greater
than the diameter of the fiber. Addition of a second buffering jacket did not fully
compensate for this effect. In a relaxed or loosely coiled state, the ruggedized
fibers showed little increase in attenuation. Under tensile or bending stress, major
attenuation increases (10's of dB/km) were measured. In full awareness of these
deficiencies, we decided to proceed with cable assembly to determine what additional
problems might be encountered there. The rationale was that this tension and bending
sensitivity might work to our advantage, by helping to identify marginal deficiencies
in the cable assembly operations.

o Fiber Geometry. The three optical units should have been assembled as a helix.
While this would have given little benefit in tensile strain relief, it would have
helped to cancel the effects of bending stress. Equipment and funding limitations at
the time prevented this design feature.

® Conductor Geometry. Cabling equipment limitations initially made it impossible to
maintain the conductor geometry shown in Fig. 7; especially the spacing between wire
groups so critical to insulation resistance. The conductor helix angle (14.75 deg)
was reduced to 3.5 deg to keep the wires from migrating and birdcaging as they
passed through the jacket extrusion die. This change increased the conductor helix
length from 6.67 cm to 28.7 cm, and made the conductor wires much mecie sensitive to
tensile and flexure fatigue.

4. PRELIMINARY RESULTS OF CABLE TESTS

Tests of the experimental cables described in the previous section are still in
progress, and results presented here should be regarded as preliminary. Environmental
test data given below will be limited primarily to the cables described in Fig. 3, 4 and
6, since deficiencies of the cable in Fig. are so clear that it has been assigned a much
lower test priority. For convenience, test results for the two miniature cables will be
described jointly.

4.1, Results of Miniature Cable Tests (Stephens, D.H., 1976)

The two cables illustrated in Fig. 3 and 4 have been subjected to a series of
environmental tests---including attenuation before and after cabling, tensile cycling,
tensile stress/strain, flexure fatigue under load, pressurization and temperature.

4.1.1. Attenuation

Optical fiber attenuation was measured at wavelengths of 850 and 1060 nm, both
before and after the fibers were assembled into cables. The results are given in Table 2.
Within measurement error (equivalent to about 0.2 dB/km), the fibers appear to have
suffered no attenuation increases due to either cabling or in-cable stresses. We are
attempting to measure fiber attenuation while the cables are under various stresses, but
measurements are handicapped by the difficulty of uniformly stressing long cable lengths.
When such tests are run on short samples, the fixed measurement error dominates any
attenuation changes.

4.1.2, Cable Performance Under Tensile Stress

Short lengths of both cables have been tab-terminated and sub;ected to both tensile
cKcling and pull to failure. The test samples (25-cm gauge length) show no apparent
change of physical or optical properties after 100 cycles between 0 and 40% of short term
ultimate stress. The results of pull-to-break testing (same gauge) are given in Table 3
and Fig. 8. Note that the S-Glass cable has much higher ultimate strain than the cable
with steel wires. This factor---for identical cable geometry and tension members whose
sole function is to carry a useful load with minimum strain on the optical fiber---gives
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steel a decided advantage over S-Glass. Tge latter material gains its very high useful
strength because a moderate (700,000 kg/cm4) tensile modulus remains effective over a much
greater elongation than is the case with steel. It is worth noting that, in the des-
tructive tensile tests we have run with the S-Glass cable, the optical fiber always
survived both' ultimate strain and the rather explosive rupture of the loadbearing matrix.

If we define '"tensile modulus" as the ratio of tensile load per unit of relative
strain per unit of total cable cross section, then the two cables have almost identical
moduli until a stress is reached where the steel begins to yield. This comparison is made
in Fig. 9. For steel, the combination of stranding and grouping at the cable core sharply
reduces its contribution of strength and modulus to the cable cross section. The penal-
ties which result are summarized below. (The high value shown for the tensile modulus of
the S-Glass filameats is probably caused by an axial stiffening of the loadbearing
structure by the epoxy resin matrix.)

Strength (kg/cmz) Modulus (kg/cmz)
Conditions of Mean Value Comparison Stee% S~Glass Steel S-Glass
Filaments or Wires Only 26,800 42,000 2,110,000 917,000
Loadbearing Section Only 20,500 26,900 1,460,000 587,000
Total Cable Cross Section 6,200 20,200 430,000 440,000

We are left with a dilemma. For maximum flexibility, the loadbearing structure
should be at or near the cable core. For maximum strength and modulus efficiency, it
should be near the cable's outer surface, where the ratio of available area to radius is
greatest. The two constraints are in conflict. One possible resolution, considered but
not yet tried by our group, is to keep the 'loadbearing structure in the outer annulus, but
add flexibility by giving its filaments or wires a he%ix geometry. If this is done, a
contrahelix structure is needed (in most applications) to ensure that the cable generates
little or no torque when under load. The contrahelix will give some degree of rotational
stiffness, but not enough to interfere with a cannister mode of storage and deployment.

4.1.3, Cable Performance Jnder Loaded Flexure

Samples of both miniature optical cables have been subjected to a series of flexure
tests at loads corresponding to 207%, 307 and 407 of ultimate tensile stress. The test
fixture is described in Fig. 10. It allows four parameters to be varied; sheave radius,
tensile load, flexure amplitude and flexure rate. Four test sections are simultaneously
cycled. In our tests, sheave radius was 5 cm, flexure amplitude was + 28 deg, and the
cycle rate was approximately l/sec. Continuity of the optical fiber(s) and physical
condition of the cable structure were periodically checked.

The results are summarized in Table 4. Note that "failure” of a test sample means
that three test sections from the same gauge length survived. In terms of long term
flexure capability (e.%., 100,000 cycles), the S-Glass cable has a degradation threshold
at slightly more than 207 of ultimate stress. The corresponding value for the steel cable
is about 407%. These two stress levels represent approximately equal absolute loads. We
had expected that the steel cable would have a much shorter optical flexure life, due to
the steel wires bearing on the buffered fibers, and that the polyethylene jacket would
show early symptoms of erosion. Neither of these occurred.

4.1.4, Attenuation Response to Pressure and Temperature

The greatest deficiency shown by the two miniature cables was in their response to
hydrostatic pressurization. This test was made with the cables in water at a pressure
equivalent to a 5-km depth, and with the cable ends carried out of the test chamber
through squeeze-type stuffing tubes.

Attenuation Increase (dB/km)

Test Conditions Steel Cable S-Glass Cable
Cable Interior Not Flooded 53 12.58
Cable Interior Flooded 0 ————

For the steel cable, "flooded" means that the cable jacket was repeatedly punctured
so that water could flow among its interior elements. This relieved high bearing stresses
on the optical fibers, caused by external pressure which forced the jacket into internal
voids. (This pressure probably caused the buffered optical fibers to conform to the
ridges and channels of the steel loadbearing structure, so that they were distorted into a
cyclic microbending ahnge.) The reason for the pressure response by the S-Glass cable is
not yet known. It may be due to compression of residual voids within either the buffer
layer(s) o1 the loadbearing structure. For both cables, this tentative explanation leads
to the (less tentative) conclusion that internal cable voids must be eliminated.

For both cables, attenuation (at R50 nm) increased less than 1 dB/km when their
temperature was reduced to 0°C. At 70°C, the steel cable unit showed an attenuation
increase of 2 dB/km. At 63°C, the epoxy matrix in the S-Glass cable softened and, since
the cable unit was not constrained by a storage reel, the loadbearing structure buckled,
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4.2, Test Results For The Deep Ocean Work Cables (Putnam, W.H., 1976)

Optical and environmental tests of the two electromechanical cables (Fig. 6 and 7)
have been completed. Mechanical stress tests are continuing, and results should be
available in time for the NATO Conference. The six-fiber cable showed optical attenuation
values of 6 to 14 dB/km at 850 nm. (The history of its attenuation changes during cabling
is shown in Table 5.) During tensile testing, the cable's optical attennation increased
as much as 10 dB/km at a load of 6900 kg. Attenuation increased by 1.6 dB/km when the
cable was cooled to 19C, and by 0.4 dB/km when it was pressurized to 700 kg/cmZ?. The
three-fiber cable had optical attenuation values of 120 to 570 dB/km at ambient tempera-
ture and pressure (no load). Its attenuation increased by more than 100 dB/km in response
to pressurization and reduced temperature.

Measurements of absolute attenuation were based on the dual-length technique, in
which power transmission is normalized to the power transmitted by a l-meter segment of
the same optical fiber). During environmental tests, attenuation changes were measured by
monitoring cable transmission using a 850-nm LED source. In both techniques, the launch
numerical aperture was 0.1, the source size was equal to the core diameter, input power
was measured through a beamsplitter, and light was stripped from the fiber cladding.

A few measurements have been made of optical fiber survivability during destructive
tensile testing of the work cables. A typicag result is given in Fi%. 11, for a straight-
pull test and a cable gauge length of 2.4 m. As the figure shows, all optical fibers fail
before the cable breaks, but none of them fail before the cable has passed the classic
yield point (defined here as the load at which cable strain has deviated by 0.27% from a
straight load/strain curve.) In the test represented by Fig. 11, '"strain" is based on a
measurement which is averaged over the entire cable gauge length. The cable yields,
however, at a highly localized point. Therefore, we conclude that the optical fibers
broke at a point in the cable which saw a much higher strain than the alue of 1.9%
indicated by the figure.

o5 CONCLUSIONS AND RECOMMENDATIONS

Many of our conclusions have already been stated during earlier discussions of
cable design, cable tests and test interpretation. The following points are sufficiently
important to be reemphasized here.

® Optical fibers can be incorporated into cable structures with little or no excess
loss. However, further development work is required if cable attenuation levels of 5
dB/km are to be routinely achieved; especially with graded index fibers.

® Optical fibers are needed with higher minimum strain-to-break in lengths of many (at
least 10) kilometers. Today, we are on the threshold of fibers with 1% minimum
strain over such lengths. When this parameter rvaches 2% over similar lengths, the
full capabilities of steel and KEVLAR-49 can be utilized. At 4% minimum strain,
almost all candidate tension members can be used, and the cable designer will have a
complete family of loadbearing materials with which to tailor cable strength, weight,
diameter, stiffness and flexure performarce.

® The fiber must be isolated, via buffering jackets, from external anisotropic stress.
This jacket must be applied with extreme care---in choice of material, in uniformity
of coverage, and with regard to its many functions. It must not be so non-uniform
that it serves as a source (rather than a solution) of microbends. The initial
buffer jacket should be applied as an in-line step in the fiber drawing process,
before the fiber can be contaminated by water vapor or dust, and before it can
contact any external surface.

® If the cable is to be subjected to tensile, bending or pressure stresses, it must be
fabricated without internal voids. These become localized discontinuities within the
cable; i.e., points of origin for local strain or microbending of the optical fiber.

5.1. Power Transmission in the Optical Cable

The deep sea work cables in Fig. 6 and 7 allow telemetry bandwidth to be increased
by nearly two orders of magnitude. Yet, neither cable's performance was meaningfully
improved in such critical Karameters as strength, diameter, weight and safety factor.

This is primarily due to the presence of the electrical conductors, which were ignored
during redesign of the cable. In the conventional deep sea cable (Fig. 1), these con-
ductors have two important functions---transmission of power and data. In the electro-
optical cable, the data role 1s removed; but the croses section and weight of copper in the
cable remain essentially unchanged. Therefore, changes in cable weight, diameter and
safety factor are relatively minor. To achieve the full impact of fgber optic telemetry,
a number of additional design options should be considered. (1) Use such lightweight
conductor materials as high strength aluminum or copper-clad aluminum. (2) Employ the
conductor in a dual mode; .2. copper-clad steel, ich can serve as both the conductor
and the tension member. At 40% conductivity, this material is available at a tensile
strength which ngptoaches that of improved cabling steel. (3) Incorporate insulation
materials which have much higher resistance and breakdown levels to transmit power at
higher voltages. Where the conventional undersea work cable is used at an operating
voltage of 600 VRMS, levels to 3000 VRMS can be employed. (4) Redefine the undersea
system’s power transmission requirement so that it is equal to average payload power rate,
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rather than peak power load. Use a recharging sys .m in the payload to smooth power peaks
and valleys by storing and dispensing energy. (5) Substitute such lightweight materials
as KEVLAR-49 for ateei in the cable's armor package. This last recommendation should be
treated with extreme caution until the minimum strain-at-break for long optical fibers has
beer. increased to a value of at least 27%.
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ELecTricAL SectioN., CenTER ConDucTor 1s 7
COPPER WIRES, EACH 0.098 cM, AS A LEFT HAND
LAY OF UNSTATED HELIX ANGLE. SHIELD CON-
DUCTOR 1S A #33 AWG COPPER BRAID. INSULATOR
AND FINAL JACKET ARE HIGH DENSITY POLYETHYLENE,
EXTRUDED TO DIAMETERS oF 0,706 cM anp 1,092

CM, RESPECTIVELY,

ARMOR SECTION., A CONTRAHELIX OF GALVANIZED,
IMPROVED PLOW STEEL, 24 WIRES IN EACH LAYER.
INNER ARMOR WIRES ARE 0.146 cM, as 19.9-
DEGREE (RH) HELIX. OuTer wirRes ARe 0,185
cM, As 18.6-DeGree (LH) HELIX.

e 1 74y ]

Figure 1. Conventional deep ocean support cable (U. S.
Steel Type 2J69RC coax).

Table 1. Critical physical properties for two DuPont fiber
buffering materials---TEFLON PFA and HYTREL.

TEFLON HYTREL
PARAMETER PFA POLYESTER
ELASTOMER
SpeciFic GrAvITY 2:15 1.25
MeLTing TemperaTure (OC) 305 218
MeLt InpEx (eM/600-sec) 9--12 125
ULTIMATE TENSILE STRENGTH (k6/cM2) 280 400
Tens1LE MopuLus---0-5% RELATIVE
STRAIN INTERVAL (Ke/cMZ) --- 2800
FLEXURAL MobuLus (k&/cM2) 6600 5200
ULTiMATE ELONGATION (%) 300 350
HARDNESS (DUROMETER) 60 72
WATER ABsorpTiON PER ASTM D570 (%) 0.03 “Low"
CHEMICAL RESISTANCE EXCELLENT EXCELLENT

P —
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Figure 2 Geometrical constraints on the optical fiber in a
helix. (1) The fiber's radius of curvature will
be not less than 5 cm. (2) Fiber strain relief
will be not less than 0.5%.

--CENTRAL STEP-INDEX OPTICAL FIBER,
0.0127-cM DIAMETER.

--MANUFACTURER-SUPPLIED BUFFER; SILICONE

RTV LUBRICANT PLUS OVERCOAT OF TEFLON
(PFA) 1o 0.0381-CM DIAMETER.

‘;f* --SECONDARY BUFFER OF LOW SHORE, LOW

mopuLus ELASTOMER (AIR LocisTics
‘i\\\\\‘__-_—s # 240-1) 1o 0.0635-cM DIAMETER.
--LOADBEARING STRUCTURE; 9840 PARAXIAL,
HTS-901, S-GLASS FILAMENTS IN A

|< 0.127 cm Bl POLYAMIDE-MODIFIED, AMINE-CURED, EPOXY
RESIN (AR LocisTics # 380-4).

Figure 3. A lightweight, miniature, optical cable.

--=14 wires, eEacH 0.0206-cM DIAMETER.

---SEVEN-WIRE STRANDS ASSEMBLED WITH
10.3-pecree (LH) LAY ANGLE.

---WIRE TENSILE STRENGTH 21,100 Kke/cm2,

OpricAL FIBERS

--=FIBER DIAMETERS ARE 0.0127 cw,

--=FI1BERS OVERCOATED WITH SILICONE RTV
& TEFLON (PFA) to 0.0381-CM DIAMETER.

AsSSEMBLY

---ABOVE UNITS CABLED WITH A LAY LENGTH
oF 2.59 pecrees (RH).

j&———0.173 cy————> ---HIGH DENSITY POLYETHYLENE OUTER

JACKET TO DIMENSIONS SHOWN.

Figure 4. A twin-fiber, miniature, optical cable.
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--1420-Den1er KEVLAR-49 CENTRAL STRENGTH
MEMBER IN LOW DENSITY POLYETHYLENE
JACKET T0 0,155-CcM DIAMETER.

--S1x oPTICAL FIBERS (4 STEP INDEX &
2 GRADED), ALL BUFFERED T0 0,0381-cM
DIAMETER WITH SILICONE RTV AND TEFLON
(PFA). F1BERS. AND 6 NYLON SPACERS ARE
CABLED AROUND THE CENTRAL CORE WITH A
4,28-peGREE (RH) HELIX ANGLE,

--TeFLoN (TFE) TAPE AND POLYURETHANE
|<_—0.333 CM—-—->| JACKET TO DIAMETER SHOWN,

Figure 5. A six-fiber optical core for a deep ocean work cable.

--0PTICAL CORE, 6 FIBERS, IDENTICAL
TO UNIT SHOWN IN F16. (5).

~-ELECTRICAL SECTION. ALL WIRES ARE
- -CM-DIAMETER COPPER. [NNER
CONDUCTOR HAS 24 WIRES SERVED WITH
33-peGREE (LH) MELIX ANGLE; OUTER
CONDUCTOR 58 WIRES IN 30-DEGREE
(LH) HeLIX. SERVINGS ARE WRAPPED
WITH MYLAR BINDING TAPE. SPACER IS
0.191-cM THICKNESS OF LOW DENSITY
POLYETHYLENE. ELECTRICAL SECTION
1S JACKETED WITH HIGH DENSITY
POLYETHYLENE TO 1.125-cM DIAMETER.

ARMOR SECTION. INNER LAYER 1S 18
STEEL WIRES, 0,203-cM, SERVED

WITH 24-DEGREE (RH) HELIX ANGLE.

OuTer LAYER 1S 36 GXIP STEEL WIRES,

0.130-cM, SerVeED WiTH 20-DEGREe (LH)
HELIX ANGLE.

le— 1.796 cm >

Figure 6. A six-fiber, deep ocean, electro-optical cable.

-~0PTIcAL SECTION; THREE BUFFERED, STEP

INDEX OPTICAL FIBERS, EACH RUGGEDIZED TO
A DIAMETER OF 0,127 cM WITH A MATRIX OF
S-GLASS IN EPOXY RESIN. SEE TEXT.

--ELECTRICAL SECTION; TWELVE 0.102-cm
COPPER WIRES, CABLED AS A (LH) SERVING
WITH 3.5-DEGREE HELIX ANGLE TO FORM TWO
CONDUCTORS. THE CONDUCTORS ARE THEN
INSULATED WITH A 0.975-cM-DIAMETER
JACKET OF LOW DENSITY POLYETHYLENE.

--ARMOR SECTION; CONTRAHELIX OF EXTRA-HIGH-

STRENGTH STEEL WIRES. INNER LAYER HAS
19 wires, EacH 0.175 cmM, IN A 14.6-
DEGREE (RH) HELIX. OUTER ARMOR CONTAINS
36 wires, EAacH 0.119 cm, As 11.6-DEGREE
(LH) HELIX.

Figure 7. A three-fiber, deep ocean, electro-optical cable.
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Table 2. Attenuation history for the cables in Fig. 3 and 4.

AtTenuATION (DB/kM AT 0.13 NA)
Test SuBJECT
850 nm 10€0 nm
SinGLE-F1BER CABLE (F1G. 3)
As MANUFACTURED/BUFFERED 7.3 5.0
AFTER CABLING 7.75 5.0
Two-F1Ber CaBLE (FiG. 4)
As MANUFACTURED/BUFFERED
(TesTeD As ONE FIBER) 5.6 2.8
AFTER CABLING
FiBer A 4,8 1.8
FiBer B 4,8 LW
Table 3. Summary of tensile tests for the miniature cables
in Fig. 3 and 4.
TensiLe TEST PARAMETER Fie. 3 Fie. 4
CABLE CABLE
Mean Loap AT Break (keG) 255.4 122.5
Coer. of VariaTion (%) 1.2 1.3
Mean Loap; 0.2% Strain OFrseT (ke) bkl 108.9
Coer. oF VariaTion (%) b 9.9
ULTIMATE STRAIN AT Break (%) 4,58 1.93
Coer, oF VariaTiON (3) 7.5 8.1
IntT1AL TensiLe MobuLus (ka/cM2) 434,000 418,000
Coer. oF VariaTion (%) 7:1 9.8
CORRELATION OF:
| YieLp Loap 1o ULTiMAaTE LoaD < +0.39
¢ ULTimaTE LoaD TO ULTIMATE STRAIN -0.11 +0.21
L ULTiMATE LoAaD TO TensiLE MobuLus +0,25 -0.05
% ULtimate STRAIN TO TensiLE Moburus ~0.99 -0.51
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Table 4.

Summary of flexure test results for the miniature
cables in Fig. 3 and 4.

CaBLE UNIT TensILE LoaD COMMENTS
From F16 # Ke ReLATIVE
3 51.3 20% OpticaL FiBer FAILED AFTER 418,000 FLEXURE
CycLes, CaBLE PHysicAL STRuCTURE UNDAMAGED
ArTer 907,000 CycLes.
3 51.3 20% OpticAL FiBer FaiLep AFTER 197,600 CycLEs;
 But No StrucTuraL Damace AT 310,000 CycLEes.
3 77.1 30% OpticAL FiBer FaiLep Between 15,000 Anp
16,000 FLexure CycLEs.
3 77.1 30% CaBLE Broke AT 9691 CycLES.
3 102.5 40% CABLE Broke AT 2340 CycLES.
3 102.5 40% OpticAL FiBer Broke AT 100 CycLEs.
y 24,5 20% No PHysicAL or OpTicAL DEGRADATION AFTER
. 101,850 CycLEs.
] 149,0 402 One OpticaL FiBer FarLep Between 90,000 anp
95,000 CycLes. .
Yy 49,0 402 No DecrapATion NoTep AT 55,000 CycLes. Botu
OpticaL FiBers Broken AT 155,000 cycLes, But
No OTHER DAMAGE ViSIBLE.
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Table 5. Attenuation history for the optical cable in Fig. 6.
(From Freiburger, R.J., 1976)

~ F1Ber ATTENUATION (DB/KkM AT 820 nM)
F‘§ER FIBER ["Berore | As OPTICAL | BEFORE 2ND | AFTER CoAx | AFTER CABLE
Tyee CaBLING | SuB-BUNDLE | ConpucToR | JACKETING ARMORING
1 GRADED 5.3 6.8 7l 15.6 15.4
4 GRADED 12.3 1ra 12.7 16.1 11.4
3 | sree 68 | a0 6.6 7.4 7.4
y STeP 7.3 8.0 8.8 6.2 7.2
5 STEP 6.6 5.7 10.2 15.7 12.2
6 STeP 10.1 9.1 9,8 14,5 13.7
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Figure 11. Typical load/strain curve for the 6-fiber, deep ocean
work cable in Fig. 6. The solid circle represents
the load and strain at which all optical fibers broke.
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ABSTRACT

The Philosophy underlying the choice of particular types of fibre-optic systems for military
applications is discussed. Some existing and planned systems are described together with details of
supporting component development.

1. IFTRODUCTION

Tre idea of using optical fibree to transmit data over appreciable distances was conceived a
little over 10 years ago by Kao and Hockham (1966), working in Standard Telephone Laboratories at
Harlow in the United Kingdom. In the intervening decade the development of fibre-optics has been
vigorously pursued in several ocountries. While the long distance civil telecommnications
applications have been well to the fore in stimulating this activity it is nevertheless tlLe case
that the advantages of fibre-optics for military systems were appreciated at an early stage.

This is important sinoce the justification for the military use of fibre—optics is generally quite
different from that of civil applications for which lower overall system cost is the sole
motivation. Many benefits are sought by military users and the potential advantages have been
listed too frequently in the past to require repetition here. It is, however, worth noting that
although the particular advantages stressed for any given application depend upon the nature of
the application (the strongest advantages for avionics may differ from those for naval systems,
for example) it is usually an advantage stemming from the good electromagnetic compatibility of
optical fibree which is most important. The attractions of a transmission medium which does not
appreciably radiate or pick up electromagnetic radiation are obvious; in addition ground loop
problems are often solved by the isolation achieved with a fibre—optic link.

Two other genersl observations concerning military applications should be noted. Firstly,
the severity of the envirormental constraints of many military applications far exceeds that
applying to civil uses. Secondly, many military applications cover only quite modest distances
and often involve only moderate data rates. It is thus clear that, while many aspects of fibre-
optic development are common to both the military and civil fields, there are also many areas
in which the separate development of componente for military applications has been, and will
contime to be, essential. Before considering in detail the military applications of fibre-optics
within the UK it is therefore instructive to review the developwents which have led to our present
capability and to outline the philosophy underlying our plans for the future.

2. COMPONENT DEVELOPMENT IN THE UK
2.1 Components for Bundle Systems

In the UK, as elsewhere, the first interest was in systems employing fibre bundles, due to
the earlier availability of fibres in bundle form and to the simpler launching requirements of
bundles. Thus MDD funded component development was originally oconcerned principally with fibre
bundles and led to the availability of fibre bundles with high mumerical aperture and quite low
loss (NA = 0.48, 100 dB/km, Pilkington), low loss connectors (1.5-2 dB, Plessey Co) and a high power
high radiance souroce designed especially for bundle systems (launching 2.5 mW into a 400 um
diameter bundle of KA 0.5 at 200 mA drive. A mmber of prototype systems using fibre bundles have
been built, providing much valuable information and making a useul foundation for the use of
bundles in some of the simpler ocurrent and future systems.

2.2 Single Multimode Pibre Components

Attention has now turned to single multiyode fibre systems. Among the reasons for this are
the far lower connector loss possible with single fibres, the possibility of active branching and
the likslihood of greater strength in a properly protected single fibre. Until comparatively
recently the choios of fibre core sise has been largely constrained by factors stemming from the
fibre mamifacturing process. However, the advent of plastic clad silica (PCS). fibre has made the
mamfacture of large core fibres simple and it is now possible to consider the use of fibres with
cores 200 um or more in diameter. Sinoce, as noted earlier, many applications involve relatively
short distances and low data rates the use of large oore fibre of relatively high NA imposes no
dissdvantages. The upper limit to the core diameter is set in practice by the increasing stiffneass
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of the fibre. Connector problems are greatly eased by the use of large core sizes, making PCS fibre of
considerable interest for some applications. Development of PCS fibre is being undertaken at STL (with
CVD funding) and attenuation as low as 20 dB/km at 820 nm has been achieved.

For applications for which PCS fibre is not suitable the use of doped lilioa/uilioa fibre is
envisaged and cables incorporating such fibre are being developed at GEC and STL. It is noteworthy that
the demountable connector developed by STL, with CVD funding, has been demonstrated in the laboratory to
have a 1o8s ~ 1 dB using 85 us core fibre znedgood et al 1976). This connector utilises the watch jewel
ferrule technique of which details have been given elsewhere. Thus the anticipated low commector loss
with single fibres has already been demonstrated in the laboratory; conmnectors for field use are currently
being developed, although it may be noted that a field-worthy version with a slightly higher loss is
already available in a standard military connector shell.

Active branching, in which a fraction of the radiation propagating in a fibre may be coupled out
is an important potential advantage obtainable with single fibres. The leaky mode coupler (Stewart and
Stewart, 1977) is a device which may function in this way. Not only does this device, development of
which is being sponsored by CVD at the Plessey Co, give the possibility of active branching but it is
also capable of application as a branching device in a "™clip-on" mode with bare fibre; this eliminates
the insertion loss associated with more conventional branching devices, The device may also be used to
feed power into a fibre.

For many MOD applications an incoherent emitter in the form of a high radiance LED is suitable.
The development of such a device for use with bundles has been referred to earlier. In addition to this
a very high speed HR LED is being developed, by the Plessey Co, for use with single fibre systems.
Already analogue modulation to beyond 1 GHz (3 dB point) has been demonstrated with encouragingly high
radiance.

Solid state laser development at STL, under CVD sponsorship, has led to encouragingly long lived
devices, having a median life of 25000 hours under moderate (2-3 mW) output powers. These lifetimes
are improving with burn~in. Degradation is observed by an increase in threshold current density alone
and not by a change in incremental efficiency. For higher laser power applications the technique of
bonding optical fibres directly to lasers has been very successful. Lasers are expected to find
application in systems having high launched power requirements.

A source module employing either an LED or a laser is under consideration.

It will be apparent that only one type of component is not currently under development and that
is the detector. At present commercially available devices have adequate performance to meet systems
needs.

3. APPLICATIONS OF FIBRE-OPTICS IN MILITARY SYSTEMS
3.1 Ground Based Systems

The use of fidbre-optics in the Army's future battlefield communications system, project Ptarmigan,
is being actively considered. In this application high frequency cable up to 2 km in length may be
replaced by fidbre-optics. The advantage sought is that of reduced electromagnetic interference but
savings in cost and weight may also be obtained. Pibre-optic cables for this application must withstand
the full rigours of the severe battlefield envirorment and must, for example, tolerate vehicles of all
kinds being driven over them.

3.2 Naval Systems

An experimental 120 m fibre bundle link, using Pilkington fibre, has been installed in Tiger
to link the bridge with radar equipment. This has provided valuable experience of installation
procedures for bundle systems; in this instance, for example, it was found to be essential to fit the
terminating ferrules after the cable had been installed in order to avoid undue stress at the
terminations. The link involves 25 bends of 3} inch radius, passes through 3 watertight bulkheads and
over 2 expansion joints. It has functione” :utisfactorily since ite installation in July 1976.

Pibre—optic links are also being considered for underwater applications including a life support
system link for divers relaying data on the physiological parameters of divers when working. A short
trial link within an underwater vehicle has also been tested.

3.3 Avionic Applications

Puture military aircraft will almost certainly incorporate some form of data bus linking the
computers, displays, navigation system and various semnsors. Such a mltiplexed system may be purely
electrical but it is clear that fibre-optics oould be used to advantage, particularly in alleviating
problems with electromagnetic compatibility.

4 This is especially true in modern aircraft constructed from largely non-metallic materials.

As a precursor to a full data bus an experimental point-to-point link has been developed by Marooni-
Elliott for MID to convey 5 N baud signals over distances of up to 30 m; it is termed "Minilink™ amd
uses a fibre bundle in conjunction with a high radiance LED source., Studies of envirormental effects
on this link are being undertaken at RSRE, Malvern. Some work on optical sensing devices, particularly
pressure sensors for engine applications is also underway. Muture data highway applications are
likely to employ many of the components currently under development and described in section 2.

s
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Fibre-optics is also likely to be employed in the communications systems of future aircraft. Where-

ever it is necessary to pass high frequency signals any appreciable distance within an aircraft the use of
fibre-optics becomes attractive. Thus optical links are being developed for analogue use in the 225-400 MHz
communication band. For this purpose the fast high radiance LED described in section 2.2 will be used.
The objective is to launch 100 uW into a fibre of 85 um core with 0.16 NA at frequencies up to 400 MHz.
The required frequency response has already beecn obtained, indeed modulation to frequencies well beyond
1 GHz has been demonstrated. It is planned to achieve the required launched power by the incorporation
of a lens into the LED structure. Not only will this source meet the analogue transmission requirements
it will also serve to meet any future high data rate digital needs that may arise.

4. CONCLUSION

Pibre-optics is likely to find widespread application in future military systems. Components for
bundle systems have reached an advanced state of development and the development of single fibre components
is well in hand.
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A REVIEW OF NASA FIBER OPTICS TASKS*

Alan R. Johnston
Jet Propulsion Laboratory
Pasadena, California 91103

SUMMARY

This paper reports on the status of on-going NASA tasks involving fiber-optic
data transmission, and related topics. Ground-based applications, including a
multiplexed wideband 2 km prototype link and a building-to-building video link, are
described. Possible applications in space and an orbital fiber-optic experiment are
also discussed. In connection with the use of fibers in space, the effects to be
expected from the space environment are touched on, particularly radiation-darkening of
fibers and temperature effects. Laboratory results on performance of fibers at cryo-
genic temperatures are also presented. Finally, some thoughts on future applications
are given.

i 1% INTRODUCTION

The primary purpose of this paper is to provide an overview of current NASA
efforts in fiber optics. On-going NASA tasks related to fiber optics and integrated
optics will be reviewed. They involve both ground-based data transmission and applica-
tions in space, and range from the investigation of basic system limitations to devel-
opment of a prototype ground communication link and an orbital experiment. The status
of these tasks will be very briefly summarized, and some ideas about their future
direction will be indicated. References will be given where available so the reader
seeking more detailed information will be able to obtain it from existing reports or
from the individuals directly involved.

The second section of this paper discusses ground-based applications. Progress
toward demonstrating a prototype 2-km wideband multiplexed data link at Kennedy Space
Center will be summarized. Another near-term application involving on-site data
transfer is a building-tc-building video link experiment at the Jet Propulsion
Laboratory.

The third section examines the use of fibers on spacecraft. The first applica-
tions being contemplated for fiber optics in space are on board the Shuttle. Both
digital data transfer and analog TV transmission by means of fiber optics are possi-
bilities. Results of an initial study of a proposed Shuttle TV link are opriefly
mentioned.

This study (and others) has shown that space applications may subject fibers and
other link components to a unique environment, of which temperature extremes and par-
ticle radiation are expected to be the most important. Under worst-case conditions,
low temperature extremes of roughly -150°C may occur, with deleterious effects on
polymer materials used in fiber bundle or cable fabrication to be expected. Both
plastic and plastic-clad fibers which use polymers for optical functions will be
directly affected but, in addition, stiffening and embrittlement of the polymer
materials used for protective jackets will affect the design of a fiber system.

Depending on the mission, radiation effects in space will also restrict the
choice of fiber materials to the radiation hard class, primarily the doped-silica-glass
type. Expected dosage and fiber lifetimes to be expected in space will be summarized.

An active data link experiment is being developed at the Jet Propulsion
Laboratory for a flight aboard the Shuttle-launched Long Duration Exposure Facility,
and a description of the experiment completes the section on fibers in space.

The fourth section treats technology effort related to fiber optics. Laboratory
results showing the performance of certain fibers at cryogenic temperatures are
presented. Development of long-life CW solid-state lasers by Langley Research Center
that are useful for transmitter modules’ and ultimately for integrated optics devices
will then be described. In addition, an interesting investigation of the possible use
of fiberdwaveguides originated by Vali and Shorthill at the University of Utah will be
mentioned.

The paper concludes with some remarks, necessarily of a speculative nature,
about possible longer-range uses of fiber optics.

*This paper presents the -‘esults of one phase of research carried out at the Jet
Propulsion Laboratory, California Institute of Technology, under Contract

No. NAS 7-100 sponsored by the National Aeronautics and Space Administration. The
opinions presented are those of the author and do not necessarily represent an
official NASA position.




y 3 GROUND-BASED APPLICATIONS

There is a great variety of possible ground-based applications for optical
fibers. The motivation to pursue these applications results from the promise of lower
cost because of the higher information throughput of fibers as compared to a copper
transmission line and the greatly decreased bulk which must be housed in conduit.

The expected easing of EMI and ground-loop problems is also frequently considered very
important for many system applications, such as in a digital computer interconnect.

&k Kennedy Space Center Experiment.

An experimental wideband data link is under development at NASA's Kennedy Space
Center under the technical direction of Charles Bell (Ref. 1). The link is approxi-
mately 2 km (6000 ft) in length (Fig. 1) and connects the Central Information Facility
(CIF), which contains a large computing facility and the Flight Crew Training Building
(FCTB), in which the shuttle-launch checkout equipment is being developed. Function-
ally, the experimental link will be a part of the prototype (or serial No. 0) of the
complex prelaunch checkout network for the shuttle. This work was preceded by an
investigation of a wideband prototype link, also described in Ref. 1. This laboratory
prototype link used a 100 MHz bandwidth, and the information (both digital and analog)
was transmitted by frequency-domain modulation of the light. Alternative forms of
transmitters and receivers were evaluated.

In the present experiment, multiplexing techniques for combining many data
channels (both analog <nd digital) onto one fiber are being emphasized; hence, the
acronym MOTS (Multipiexed Optical Transmission System). The aim is to develop a wide-
band link using modular, interchangeable components such that the changing data needs
of different launches might be accommodated by changing plug-in modules at the termi-
nals without affecting the wideband fiber link itself. Even the direction of data
transmissiou: on a given fiber could be reversed by changing transmitter and receiver
modu'es. The user of one individual data channel need not be aware of the details of
the mltiplexed wideband optical link.

A block diagram of the 2-km experiment is shown in Fig. 2. Each fiber will
carry one 35- to 50-MHz analog data channel or up to 10 5-MHz multiplexed data channels.
The fibers themselves have a 7 dB/km loss and a 600 MHz-km throughput capability,
providing for at least a 50-MHz bandwidth over a total length of 12 km for future
requirements.

The cable is a 10-fiber cable, utilizing Corning-graded index fiber.

A prototype optical fiber cable made at KSC is compared with samples of the
present multichannel wideband cable in Fig. 3. The prototype is very similar to the
cable that will be installed in the underground conduit (Ref. 2). If optimum multiplex-
ing were applied, the 10-fiber optical cable would have an information capacity many
times that of one of the large 36-pair copper wire cable. Metal armor is used in the
fiber cable, and its interior will be kept dry by a slight positive gas pressure.

The cable was obtained from the supplier in l-km lengths, and will be pulled
into subsurface conduit by conventional techniques. The total number of splices
required per fiber to make up the run will be determined by the practicalities of
pulling the sections of cable into the conduit. A minimum of two splices, up to
perhaps five splices per fiber, is expected to be needed. The splices will be of the
hot-fusion type, made in place in the manholes by portable equipment supplied with the
cable (Ref. 2) The expected loss per splice is 1/2 dB.

Four fibers will be used for data; two in each direction. A separate fiber will
be used for wideband analog data, such as multiple FM TV channels, and another for
multiplexed digital data. The six remaining fibers can be jumpered (Fig. 2) for
experiments with longer fiber runs. A total length up to 12 km can be set up in this
way, including repeaters, if desired. 1Initial tests with the 2-km cable in place are
planned for mid 1977.

The present fiber terminals (Ref. 3 ) use a Burrus-type, high-intensity LED in the
transmitter, and an avalanche photodetector in the receiver. Injection-laser sources
are being examined for future use in transmitter modules. The present LED transmitters
are capable of coupling over 1 mW into a fiber. The Minimum Detectable Power (MDP) of
the receiver modules is in the range of 5-8 nW for a 35-MHz bandwidth, allowing over
30 dB for fiber, coupling, and connector losses.

Looking further into the future, this experiment will examine longer links, as
mentioned above, and will also evaluate the performance of a fiber link in a real field
environment. The experiment is designed to explore the problems of installing and
maintaining fiber cables in underground conduits, which at KSC are typically submerged
in a very corrosive environment. The Shuttle launch area is located 7 km from the
Launch Control Center. At present, there are a total of roughly 12,000 miles of video
channel at KSC. The fiber-optic technology may provide a cost-effective alternative
for some of these requirements, and the present experiment is expected to help develop
the capability to implement these longer links.

" i RS T




( m e P S

6-3

2:2. JPL Closed-Circuit TV Link.

An experimental closed-circuit TV link is being implemented at the Jet Propulsion
Laboratory in order to evaluate the applicability of fiber optics in the mission control
complex. The test link is 700 ft in length and has been set up using a single-fiber
waveguide. Fiber-optic cables are not being tested - an unprotected but plastic-
sheathed fiber has been placed by hand in a cable tunnel connecting the two buildings.
The link uses direct analog transmission of the video signals, so achieving a high
signal-to-noise ratio in the delivered signal is the most important requirement.
Typically, the video signals being transmitted represent data to be presented in an
alphanumeric display.

One reason for selecting this application for an initial experiment was that
grounding problems between the two buildings and other interference effects can cause
difficulty with video transmission. This type of problem can always be cured, but the
promise of inherent immunity to transmission-line interference was of interest. A
second reason was that a large number of such circuits are in operation lab-wide,
making any potential cost saving that may be possible with fiber links proportionally
more important. We hope to gain experience in a user environment with this experiment,
enabling us to draw better conclusions about the performance and future cost that can be
expected with fiber-optic transmission.

3. SPACE APPLICATIONS

Applications on spacecraft will likely be motivated primarily by potential
simplification of EMI problems and secondly by weight considerations. Reduced cost for
the link hardware itself is not likely to be a significant factor, as it is for ground-
based applications.

3.1, Vehicles.

Since we are now on the eve of the Shuttle era in space transportation, one
naturally would look toward Shuttle systems as an area for fruitful application of fiber-
optic technology. The Shuttle, like any other large aircraft, contains complex elec-
tronic systems which are interconnected with data bussing techniques. Unfortunately,
the Shuttle-Orbiter development is too far along to take advantage of fiber optics in
any of its basic avionics systems.

On the other hand, Shuttle payloads, which range from the large Spacelab to small
probe type spacecraft, remain a possible area for application, both within individual
payloads and for interfacing the payload with the Orbiter. An initial unpublished study
of the feasibility of using fiber optics for payload interfacing has been made by
Rockwell International, but no hardware effort has been undertaken.

The primary motivation for the use of fiber-optic links for euch interfacing is
the promise of immunity to electromagnetic interference (EMI) effects on the intercon-
necting line. Although interference always will be possible within the terminal
electronic modules of a link, just as in any other electronic equipment, the dielectric
fiber waveguide inherently will not couple to any electrostatic or magnetic field along
the way. Any simplification of the EMI problem in the payload interface is particularly
valuable because the Shuttle payload bay is expected to be an electrically noisy area,
and there is a requirement for a short turnaround time for the Orbiter, sharply limiting
the time available for troubleshooting. Each payload is likely to present new problems
in this area, further emphasizing the value of eliminating any source of possible EMI at
the outset. The other potential benefits of fiber optics (decreased weight, and size,
and increased bandwidth) are very useful properties, but probably are secondary to the
EMI question.

Other potential shuttle applications have also received some attention. We at
JPL and Paul Coan of the Shuttle television group at NASA's Johnson Space Center have
made a preliminary study of video signal transmission and TV camera control requirements
for a CCTV system to be used in the Shuttle payload bay. The purpose of the system is
to monitor payload deployment and retrieval activities. A study has been completed on
this system (Ref 4). Breadboarding of some of the important components (fibers and
connectors), using materials selected to withstand the temperature environment expected
in the payload bay, is planned.

A longer-range appliication selected for study at JPL is the data bus portion of a
spaceéraft Unified Data System-(UDS) being developed for future spacecraft. The fibe:
links would interconnect elements of a microprocessor-oriented data and control system
that is physically distributed among a number of separate packages on the spacecraf't.

3.2. Space Ervironment

Before applying a new technology such as fiber optics on spacecraft, it is
necessary to examine the effects that the space environment may have. Two important
environmental effects expected are from possible wide-temperature variations and
radiation-darkening of fibers. Other environmental conditions (e.g., launch vibration)
are similar to those already faced in aircraft systems.

—
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The initial JPL study of the Shuttle Orbiter CCTV system indicated that a
worst-case temperature range of +120° to -150°C was possible in the payload bay.
In general, fiber cables contain polymer materials in which mechanical properties will
be adversely affected by this wide a temperature range. Flexibility is difficult to
retain at the low temperature extreme. These considerations are, of course, shared with
conventional copper cabling. Polymers which outgas excessively in space must also be
avoided. It is likely that the cabling materials that perform satisfactorily are going
to be different from those in common use in today's developmental fiber cables. There
may also be an effect on cable performance caused by temperature cycling, in which undue
compression of the fibers at low temperature occurs as a result of contraction of the
jacket. None of these possibilities have been thoroughly studied for fiber cables.

Of even more importance is the fact that in plastic-~clad, or in all-plastic
fibers, which otherwise would be an attractive choice for space applications, the
temperature effects can affect the optical characteristics of the fiber. The effect
of low temperature on the plastic-clad, fused-silica type has been investigated at JPL
and is discussed in more detail in the following section. Briefly, we find that the
transmission of silicone-clad fiber is impaired at lower temperature and ceases
entirely at about -80°C. The all-plastic fibers are also not suitable for the entire
-150° to +120°C temperature range, but the all-glass, doped-fused-silica chemical-vapor
deposited (CVD) type appears to be unaffected.

The terminal electronic packages are also affected by temperature, especially the
LED emitter. However, the behavior of components needed for fiber-optic terminals are
similar to those widely used in other electronic modules. It is felt that the tempera-
ture of the terminal modules will be controlled along with other electronics within an
acceptable range by conventional design techniques. Control of the fiber temperature is
not assumed, because it would be much more cumbersome and probably is not necessary.

Radiation dosage is an important environmental factor because radiation-induced
absorption occurs in all optical fibers. The highest dosages expected in space are
large enough to create an important design constraint on the complete link. Radiation
effects on the terminal electronics are expected to be similar to the effects on other
electronics, so they are not discussed here.

Extensive laboratory investigations of the effect of radiation on fibers have
been reported in the literature (Ref. 5, 6, 7, 8). These studies indicate a large
variation in sensitivity between different fiber types, the large-aperture lead-glass-
type fiber being highly radiation-sensitive, and pure silgca types being quite insensi-
tive. The range of sensitivity approaches a factor of 10° between softest and hardest
glasses. However, laboratory experiments to date use much higher dose rates and shorter
exposure times than expected in space.

More recent experiments using plastic-clad fused-silica fibers (Ref. 9, 10) have
indicated a short-term saturation of the induced loss that occurs at doses in the neigh-
borhood of 100 rad. As a result, the induced loss for a small dose is much larger than
one would predict from data taken at a large total dose. In addition, the induced loss
is observed to decay after irradiation with a time constant of the order of 15 minutes,
and the rate of decay is unchanged after 2 to 3 hours. The amount of the initial
non-linear-induced loss and the degree of post-exposure annealing depend quite strongly
on the purity of the fused silica used to fabricate the fibers.

Further investigations are in progress at the Naval Research Laboratory. To
date, the indication is still that the final induced loss of high-silica-fiber types
will be small, but darkening at low doses is highly non-linear, and the degree of long-
term annealing is not known for any dose. More laboratory work is needed on induced
loss at the low dose rate and long duration typical of space missions.

To provide a reference for understanding the radiation effects in fibers, the
estimated total dose for different mission types is given in Table 1. Note that the
radiation exposure on any orbital mission is highly dependent on the specific orbit
chosen, and can vary over many orders of magnitude. The numbers shown in Table 1 must
be regarded as approximate; they are intended to convey only an idea of the order of
magnitude of the expected dose and how much it may vary, depending on the type of mis-
sion. The doses shown are unshielded; the dose internal to a spacecraft can be two
orders of magnitude smaller for earth orbit, but the Jupiter radiation is harder to
shieldlout. The 106 rad dose for Jupiter orbit should be a rough value for the internal

ose also.

Table 2 indicates the estimated radiation-induced loss one may expect for
different fiber types.

The added loss caused by the radiation is given in dB for a 30-m length of fiber,
represencin§ atproximately the attenuation margin that would have to be provided in a
spacecraft link to allow for radiation effects. The induced loss coefficient is that
reported for large dose.

Again, these figutes are approximate and are intended to indicate only the order
of magnitude of the effects to be expected.
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Table 1. Representative Radiation Dose

| Ho shielding
A?ypg qf q¥s§{93,___~_,, (Total Dose
Low Earth Orbit 103-10A rad/yr
Synchronous Earth Orbit 106 rad/yr
Jupiter Orbiter | 106 rad

Table 2. Radiation-Induced Fiber Loss

r** Large Dose
Induced-Loss Induced Loss/30 m (dB)
Fiber Type Coefficient
dB/km rad 102 rads 10% rads 106 rads
a
Fused-Silica; Suprasil I 10-3 - ~0 0.3
4b
Plastic-Clad Fused Silica 10- 0.3d 3d 3
> d
Corning-Type B CVD 10-3 3 - 30
Galileo K 2K Glass 28 6 - - |
Pilkington Hytran Glass 10€ 30 - -
Notes:
a. Ref 5
b. Ref 9
c. Ref 10
d. Estimated from early results on nonlinear low-dose behavior in Ref 9, 10.

3.3. Orbital Exposure Experiment

A fiber-optic data transmission experiment is currently under development at JPL
for a 6-month flight on board the NASA Long-Duration Exposure Facility (LDEF) to be
launched in late 1979. The LDEF is a Shuttle-launched vehicle (Ref. 11 ) which can carry a
number of self-contained experiments into low earth orbit for exposure to the space
environment. A photograph illustrating the LDEF vehicle and a typical expcriment tray
is shown in Fig. 4. LDEF will be retrieved by a later Shuttle flight for data recovery
and evaluation.

The purpose of the LDEF fiber-optic experiment is to confirm the predicted
radiation effects for several types of fiber and to verify the link design approaches
and the performance of components used in the experimental fiber-optic links.

The Fiber-Optic Data Transmission Experiment will contain four active 100-m links.

Single-fiber-per-channel technology will be used. The fibers for each link will be
arranged in a planar helical coil such that one side can be directly exposed to space
and, if desired, a known thickness of shielding material may be mounted over the coil.
The back side of each coil will be shielded by the experiment tray and other LDEF
structure. Up to 8 inactive 100-m fibers may also be carried by the experiment for
inspection after retrieval.

Each active link will transmit a digital pseudo-random sequence at a nominal
10-M bit rate. A block diagram illustrating the experimental layout is shown in
Flg. 5.  Bit-error-detection logic will be provided in each test circuit, and errors
will be accumulated and recorded for later analysis (Ref. 12). A variable decision
threshold in the fiber link receivers will be used to determine fiber loss. A




m S

6-6

microprocessor controller will sequence the operation of each link and will transfer the
data to the recorder.

The experiment will be battery-powered and self-contained, as required by the
LDEF format. In order to conserve battery power, the experiment will be turned on once
every 12 hours, the complete data cycle lasting approximately 15 minutes.

Radiation-sensitive fibers of the lead-glass type, which have a known and large
radiation-induced attenuation, will be incorporated into the experiment for dosimetry,
as suggested in an earlier publication by Sigel (Ref. 4). These dosimeter fibers will
allow accurate measurement of the actual radiation dose received by the fibers in the
experiment.

4. SUPPORTING TECHNOLOGY INVESTIGATIONS
The tasks described below support future application of fiber optic technology.
&. 1. Temperature Effects on Fiber Transmission

Because of the very large worst-case predicted temperature excursions in the
Shuttle payload bay, and smaller but still important temperature excursions that are
possible on other spacecraft, we are investigating temperature-induced changes in vari-
ous fiber types at JPL. No change was expected in glass-core glass-clad fibers, but the
behavior of plastic-clad fibers was regarded with more uncertainty. The results are
still incomplete, but several conclusions can be made. Plastic-clad fibers are indeed
changed; the silicone-clad type being unusable below about -50°C. The changes were
reversible. The observed transmission changes are not necessarily a consequence of a
loss mechanism; they can be caused by changes in refractive index.

Transmission measurements were made on single-fiber samples of different lengths
from 1 m to 100 m for temperatures from room temperature down to -110°C. No tests have
yet been made at elevated temperatures. Four different types of fiber (as shown in
Table 3) were tested. The transmission measurements were made at 0.6 ym. An attempt

was made to eliminate cladding modes with mode strippers at both input and output ends
of the fiber.

Figure 6 shows relative transmission as a function of temperature for short
samples of three types of fiber. For the ITT step index sample, care was taken to
eliminate all light propagating in the cladding or plastic jacketing; otherwise, effects
dependent on sample length might occur that are dependent on input coupling. We con-
clude that intrinsic transmission in a glass-core glass-clad fiber is not
temperature-dependent.

The behavior of the Corning sample was different at low temperature from the ITT
sample, in that it exhibited a larger transmission loss for longer lengths. The ITT
fibers showed a larger relative loss for shorter lengths, as might be expected if light

propagating in the cladding or jacket is the cause. The difference is not fully under-
stood at present.

For a short fiber length and typical LED excitation, significant, though not
critical (1-3 dB), changes in received power can occur in glass-clad fibers, and
receiver design should take this possibility into account. We feel the probable reason

Table 3. Typical Characteristics of Tested Fibers

T - i L3

Manufacturer | Attenuation Core
and (dB/km) at Numerical Core Core Clad Diam Sheath
Designation A = 820 nm Aperture Index | Material | Material (um) Material
TR o] - et i

ITT 20 0.25 1.46 Silica Silicone 135 Teflon
Plastic-Clad Polymer
(PS-~05-40)
ITT Step 8 0.25 1.48 Doped Doped 50 Teflon
Index CVD Silica Silica
(GS~02-10) ‘
Corning Step 6 0.18 - Doped Doped 85 Opaque
Index CVD Silica Silica
(79-w-01)
DuPont 90 0.4 1.46 Silica Polymer 200 -
Plastic-Clad

L—fPFX-SIZO-R) L |
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is that some of the light launched in the cladding of a short link reaches the detector,
and this portion of the total received power is influenced by temperature changes in the
protective polymer sheath materials.

The cause of the dramatic cutoff observed in the silicone-clad, fused-silica
fiber at -80°C is the temperature coefficient of the index of refraction of the
polymer-cladding compound which directly affects the numerical aperture (NA) of the fiber.
The change in index of a silicone compound similar to the cladding on our fiber sample
was measured by the minimum deviation method, and the result is shown in Fig. 7.

No marked change in slope is observed.

Since the transmission loss is due to the decreasing NA of the fiber, transmis-
sion changes should not depend on fiber length - an expectation confirmed by experiment.
The possibility of compressive force exerted by the teflon jacket affecting the cladding
index was considered, but tests of a special fiber without the teflon jacket yielded the
same transmission vs temperature curve.

The DuPont-type of plastic-clad fiber uses a different cladding polymer. Tests
of this fiber type, although made with a rather short sample, indicate a quite different
temperature dependence (as seen in Fig. 6). It is not known yet whether the observed
temperature-induced loss is a consequence of changing fiber NA, or whether a
temperature-dependent loss mechanism is effective.

4.2. Laser Development

A group under H. Hendrix at NASA Langley Research Center has been involved for
some time in the development of semiconductor light sources which are applicable to
fiber-optic data transmission. Most of this work has been concentrated on demonstrating
long-life, room-temperature, CW-injection lasers, an important component for fiber-link
transmitters, because of their fast response and ability to be efficiently coupled to
fibers. Some exploratory study of planar waveguide components has also been done.

Most of this work has been performed under contract. Development work on CW
lasers using the GaAlAs system has been supported at RCA Laboratories (Ref. 13), and some
effort has also been directed toward planar waveguiding techniques (Ref. 14). More
recently, techniques were investigated for fabricating injection lasers that emit at
shorter wavelengths so their emission would be visible (Ref. 15). The GaAsP system was
also investigated, as well as the more familiar GaAlAs system. Room-temperature CW
operation was achieved at 7400& with GaAlAs, and operation at 65208 was achieved at 779K
in GaAsP devices. The initial interest in visible-emission lasers was related to
instrumentation applications involving interferometry, but the same devices are impor-
tant because this is the wavelength region for lowest attenuation in the DuPont type of
plastic-clad fused-silica fiber. In addition, an investigation of distributed feedback
laser techniques has been reported (Ref. 16).

More recently, interest has turned toward the 1.1 um region, and the InGaAsP
system is being examined at RCA as a possible means for achieving a 1.1 p injection
laser to take advantage of the very low fiber attenuation which has been reported there.

4.3. Fiber-Optic Ring Interferometer

An application of fiber optics in a ccmpletely different area (rotation sensing)
has been under investigation by Vali and Shorthill of the University of Utah Research
Institute, under NASA sponsorship. Their ideas may also suggest other interesting uses
of fiber waveguides in instrumentation (Ref. 17). Vali and Shorthill recognized that by
using a single-mode fiber as the light path, the sensitivity of the well-known ring
interferometer to rotation can be increased many-fold (Ref. 18). In fact, if a ring
light path set up by mirrors is replaced by a fiber loop of the same area, the rotation-
induced path difference between opposite directions of propagation can be multiplied by
the number of turns in a fiber coil. With the best fibers available today, a total path
length of a kilometer or more seems easily achievable. The immediate application being
investigated is that of an accurate, all-solid-state gyro with no moving parts. Vali
and Shorthill have reported observing interference fringes through nearly 1 km of
Corning single-mode fiber (Ref. 19), and are presently building a breadboard gyro on a
rotatable table for evaluation of the concept. In a small parallel task at JPL,

W. Goss and R. Goldstein are investiéating sensitive AC-detection techniques needed for
readout of the very small fringe shifts expected in a high-performance optical gyro.

5. CONCLUSIONS

Recent exploratory work at several laboratories has identified candidate appli-
cations for fiber-optic data links, and many others certainly exist. It is not yet
possible to say which way the tradeoff between fiber-optic techniques and conventional
copper transmission will ultimately go in each of these examples. However, it is
possible to make several observations.

The first real applications outside the laboratory are likely to be off-line
experiments in situations where there is a special need for the type of performance that
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fiber links can offer. The direct advantages so often quoted for fiber links are
bandwidth, small size and weight, EMI resistance, and low cost. It may well be that
this list is in order of increasing importance.

We feel that the strongest near-term motivation for the use of fiber links is
likely to be the immunity to EMI problems. Much time is spent in testing and debugging
in order to eliminate interference and ground loops in any electronic system. In some
instances, such as in the Shuttle-payload interface already mentioned, or as another
example, in error-free control signal and data transmission on a large high-power
transmitting antenna, the inherent immunity of optical fibers to interconnect-induced
EMI takes on a special significance. The first applications are probably going to be of
this type.

In almost all cases, fiber-optic transmission is an option. Exceptions may exist
where only fibers will work, but usually the same job can be done with other techniques.
The problem is to determine which approach is best.

Therefore, in the long term, cost will become the most important parameter
determining where fibers are going to be used. Bandwidth, size, and weight all play
a part in determining the overall cost. It should be noted that electromagnetic
compatibility testing and debugging time are also very significant cost factors.

Fiber is not cheap in its present state of development, and fiber links are not
easy to justify now on the basis of cost alone. However, in the future, fiber costs are
expected to come down significantly (Ref. 20). Fiber-terminal electronics are not
greatly different from what would be used with copper transmission lines. Therefore,
there is good reason for optimism on this point.

Environmental effects will have an influence on the design of fiber links to be
used in space. Temperature effects on some types of fiber, and radiation darkening on
all fibers must be taken into account. More work needs to be done in this area, but
initial results indicate that with proper design, fiber links are not likely to be
significantly more sensitive than the electronics they interconnect.

In the future, one of the difficult tasks foreseen by NASA is that of handling
and transmitting very large amounts of information economically. Where requirements for
very large data rates emerge, fiber transmission techniques may become particularly
important. Optical links should not be thought of as potentially applicable only in
certain unique situations, but rather as devices that can be used in a wide spectrum of
specific applications to help solve a great number of information transmission problems.
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Figure 3.

Comparison of Developmental 10-Fiber Cable with Multichannel Wideband
Copper Conductor Cables.
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Figure 4. The LDEF Vehicle and a Representative Self-Contained Experiment Tray
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FUNDAMENTAL MODE SIGNAL TRANSMISSION IN SINGLE- AND MULTIMODE FIBRES

K. Petermann, H.-G. Unger
Institut fir Hochfrequenztechnik
Technische Universitat Braunschweig
D-3300 Braunschweig
W-Germany

SUMMARY

In single-mode operation of single- and multimode fibres, signals are transmitted with very little
distortion. In perfectly straight and uniform fibres, this residual distortion is caused only by material~
and mode dispersion. For a suitable choice of the emission wavelength and of the refractive index profile,
this dispersion vanishes to first order, so that as far as the fibre is concerned, transmission rates of
some 100 Gbit/s would be possible.

The propagation is distorted by random bends as introduced by the cabling process. Therefore a
microbending Toss occurs, which, however, becomes negligible as long as the fundamental mode spotsize is
kept small. In addition, the conversion of energy to higher order modes due to microbending and its re-
conversion distorts pulses in the fundamental mode. This pulse distortion can be kept small by suffi~
ciently attenuating the higher order modes or by inserting discrete mode filters. Simple analytic design
considerations are given.

1. INTRODUCTION

When transmitting high transmission-rates by means of optical fibres, the signal should be guided
in the fundamental mode only, thus delay differences between different modes do not occur. The residual
pulse distortion in single-mode operation remains quite small.

For studying the transmission properties in the fundamental mode, fibres of most general design
will here be considered. Fig. la shows a conventional singie-mode fibre in form of a cladded-core- or
graded-index fibre. Another possibility for a single-mode fibre is the W-fibre as shown in Fig. 1b
(Kawakami, S. and Nishida, S., 1974) with a relatively large refractive index difference (ni-n2) between
core and inner cladding which leads to good confinement of the fundamental mode field within the core.

The W-fibre can be single-moded since the higher order modes are leaky and thus attenuated due to
the outer cladding of the higher refractive index ns. Another possibility for attenuating higher order
modes is to insert discrete mode filters (Fig. 1c) into multimode fibres (Furuya, K. et al., 1975). We
then gain the advantage of using Tow-loss muitimode fibres for the "fundamental mode transmission".

2. SINGLE-MODE RANGE

To describe a single-mode fibre according to Fig. la, the fibre parameter

V = ka /nz - ng
is introduced, with k denoting the free space wavenumber. A cladded-core fibre or a fibre with truncated
parabolic profile become single-moded for V < 2.4 or V < 3.53, respectively. A W-fibre of Fig. lb is des-
cribed by the W-fibre parameter

V. = ka Jni - ng »

w
the refractive index difference ratio

8 = ("1'"2)/("1'"3)

and the radii ratio c. The single-mode range of a W-fibre can be obtained from Fig. 2 (Petermann, K. and
Storm, H., 1976). This diagram gives cutoff-curves of the fundamental HE, -mode and the next higher LP;;-
mode for small differences between the refractive indices ny, n2, and ns. For a given c, the single-mode
range 1ies in between the corresponding cutoff-curves. In case of ¢ = 1.2, for example, the single-mode
range is represented by the shaded area. The fibre transmission 1ine of Fig. lc also behaves as a single-
mode fibre, if the mode filters let pass the fundamental mode, only. The design of such mode filters, how-
ever, will not be aiscussed in the present work.

3. SIGNAL TRANSMISSION

When investigating signal transmission, the dispersion and attenuation characteristics must be
studied.

Due to the emission bandwidth of the optical source (usually a laser) material- and mode disper-
sfon occur which lead to broadening of the input pulse. In addition, the transmission is distorted by
random bends which are introduced by the cabling process. Due to these random bends, the fundamental mode
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suffers an additional attenuation, the so-called microbending loss. Due to reconversion from higher order
modes, microbending also distorts the pulse shape.

r 4. MATERIAL- AND MODE DISPERSION

To begin with, a perfectly straight and uniform fibre is considered. The pulse distortion due to
its material- and mode dispersion is first considered separately.

i 4.1, Material Dispersion

Material dispersion occurs since the refractive index of glass or fused silica depends on the
frequency f = c/A (A - light wavelength, c - speed of 1ight) at which 1ight is emitted. When considering
a plane wave propagating through a homogeneous medium of refractive index n;(f), the delay per length ™

is given by
1 d{fen,(f
TM'E"W‘#'U')" (1)

The delay ty also depends on the wavelength A = c/f of the emitted 1ight. When denoting the delay at a
wavelength g. = c/fo as 1yg, Ty may be expanded in terms of ascending powers of (f-f,):

“(f-f )2 (2)

1 d ™

=t * 2';2'
f=f
[

f-fo

d'l'M
™= TwtIT

If the optical source emits at the center frequency f, with a spectral width Af, different spectral compo-
nents have different delays which, to a first order approximation, spread over (dty/df)-Af.

For fused silica, the dispersion coefficient dty/df is shown in Fig. 3. This coefficient is posi-
tive for A < 1.28 um and turns negative for A > 1.28 um. For A = 1.28 um, the dispersion coefficient
vanishes, thus the material dispersion is reduced to an effect of second order. A numerical value for this,
lti;wer dispersion 1imit has been given by Arnaud (1976). He typically obtains for the minimum pulse broade-
ning:

At = 0.0018 (Af [THz])? ns/km . (3)
For a typical spectral width AX = Af (A/f) = 20 R, eq. (3) yields a pulse broadening of only
At = 0.23 ps/km (4)

In order to make use of this remarkably low dispersion, lasers with fast modulation, fibres with low atten-
uation and suitable photodetectors at a wavelength of about 1.3 um are needed. Fibres with an attenuation
of less than 1 dB/km are already available for the desired wavelength range (Takata, H. et al., 1976) but
lasers and photodetectors are still to be developed.

In the wavelength range of 0.8 - 0.9 um as it is usually employed, material dispersion is much
larger. For the above example, a pulse broadening of about 120 - 200 ps/km is obtained.

4.2 Mode Dispersion

The fundamental mede propagation constant B depends on the fibre parameter V and therefore also
on the 1ight wavelength \. Because of this dependence even in fibres with wavelength independent refrac-
tive index a dispersion occurs which is called mode dispersion. The fundamental mode delay Ty Can be
written in a form similar to eq. (2), without material dispersion the coefficient dry/df then describes the
magnitude of mode dispersion. In case of small index differences between core and cladding, mode disper-
sion is usually much smaller than material dispersion and can be neglected as long as emission wavelengths
s with non-vanishing dty/df are considered.

For conventional single-mode fibres according to Fig. la, the mode dispersion coefficient dtn,/df
has a positive sign. In the wavelength region of A = 0.8 ... 0.9 um, dry/df accorcing to Fig. 3 is like-
wise positive; therefore material dispersion and mode dispersion add to a larger dispersion value.

If, however, signals are transmitted in the fundamertal mode of a multimode fibre, ine dispersion
coefficient dtgy/df may become negative, as shown in Fig. 4a. In case of a cladded-core fibre, the minimum
value of dtg/df is obtained for a fibre parameter V = 4.5. The magnitude of this minimum strongly depends
on the refractive index difference A = (ny-n;)/ny, as shown in Fig. 4b.

In such a fibre, material- and mode dispersion have opposite sigrs. thus, at least in principle,
a compensation is possible. For this compensation we must require dty,/df = -dty/df. For a wavelength

A = 0.85 this requirement is met according to Figs. 3 and 4 for a relative refractive index difference
A= 0.1, ﬁe dispersion then drops to similarly low values as in eqs. (3) and (4).

From the technological ponint of view, however, the realisation of the above large refractive index
difference is quite difficult; furthermore very small core radii are needed. For A = 0.1, V = 4.5, and
A= 0.85 ym, the core radius must be made as small as a = 0.9 um.

N

To facilitate the above compensation a source emitting at a higher wavelength is desired. For a
wavelength A = 1.1 um, for example, we obtain from Figs. 3 and 4 a relative refractive index difference




A =4 %, the realisation of which might be possible. We then also obtain a larger core radius,
a = 1.9 um, which is more suitable for splicing and connecting fibres.

The above considerations are restricted to cladded-core fibres with fibre parameter values V > 4,
which are not single-mode and therefore must be operated by inserting mode filters. Instead of inserting
discrete mode filters also a continuous filtering is possible by use of the W-profile according to Fig. 1b.
The resulting dispersion coefficient for the fundamer «: mode in W-fibres is shown in Fig. 4a by the
dashed curves. A refractive index difference ratio §  (n:-nz)/(ny-ns) = 10 and radii ratios ¢ = 1.4 and
¢ = 2.0 are assumed. The upper scale denotes the W-fik-e ,arameter V,, as used in Fig. 2.

Values for the material dispersion have only been given here for fused silica; but other glasses
have similar properties. The dispersion problem might become more difficult, however, when core and
cladding differ in their dispersion characteristics. This particular problem has been analyzed by
Jirgensen (1975).

5. MICROBENDING

The above considerations are restricted to perfectly straight and uniform fibres. After cabling,
however, the fibre deviates from perfect straightness in that it has random bends, the so-called "micro-
bending". A fibre exhibiting microbending is shown in Fig. 5.

Due to microbending, the fundamental mode propagation is degraded in two respects:
a; The fundamental mode suffers a microbending Toss.
b) Pulse distortion occurs due to energy reconversion from higher order modes.

5.1, Microbending Loss

Microbending causes the fundamental mode energy to partly convert to higher order modes and to
the radiation field, so that a microbending loss occurs. In order to calculate this loss accurately,
interaction between the fundamental mode and higher order modes must be determined. This requires an
extensive numerical procedure and general dependencies are difficult to recognize.

For calculating the microbending loss to a good approximation, the large number of higher order
modes and radiation modes can be replaced by a single quasi-mode (Petermann, K., 1976a). The microbending
loss is then obtained by calculating the coupling between the fundamental mode and the quasi-mode, only.

When appiying & simple model for the quasi-mode (Petermann, K., 1976b), the microbending loss Y
with respect to the fundamental mode power is obtained as

¥ = (1/2)(kny wy)? 0(1/ (kny w2)) (5)
with the free space wavenumber k and the refractive index on the fibre axis ni. wo is a spotsize parameter
/ W =]o rd E2(r) dr /]; r E4(r) dr , (6)

where Eq(r) denotes the fundamental mode field and r the radial coordinate. In case of a Gaussian field,
for example, wo denotes the radius where the intensity has dropped to 1/e of its maximum value. ¢() re-
presents the power spectrum of curvature

L
a 1 -jQz 2
#(Q) li:t L{ (1/R) e dz' (7)

with R denoting the local curvature radius of the fibre.

Eq. (5) is already a good approximation for the fundamental-mode microbending loss. By choosing
the above mentioned quasi~mode in a more suitable way (Petermann, K., 1976a), the approximation according
to eq. (5) can be further improved. For this purpose, effective spotsize parameters woi and woz are intro-
duced:

¥ = (1/2)(kng wop)? 0(1AKkny WE)) (8)

Fig. 6 shows the spotsize parameters wo, Wo1, and woz versus the fibre parameter V for cladded-core
fibres and fibres with a truncated parabolic profile.

For large values of the fibre parameter V, the spotsize parameters differ only slightly from
each other; therefore eqs. (5) and (8) then yield nearly the same result.

To evaluate egs. (5) and (8), the power spectrum of curvature must be known. Theoretical conside-~
rations (Gloge, D., 1975; Olshansky, R., 1975) indicate that the power spectrum of curvature may be
written in form of a power law:

s(n) = c/a%P 9)
with & constant coefficient C. The curvature spectrum is characterized by the parameter p, where p = 0
corresponds to a flat power spectrum with zero correlation length, while p = 1,2 account for the more
realistic cituation of larger correlation distances.

It has been shown (Petermann, K., 1977) that eq. (5) yields exact results for p = 0, while
w. (B s sxact in case of p = 1, independent of any specific refractive index profile. Beyond these
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special cases, eqs. (5) and (8) represent excellent approximations also for other er spectra as long
as Woy Wo1, Wo2do not differ too much from each other. But even in case of some difference between wo,
Wo1, and wo» as, for example, in case of a cladded-core fibre with fibre parameter V = 1.5, eq. (8) de-
viates less than 20 % from exact numerical results for the power spectrum of eq. (9) and p = 0, 1, 2.
The agreement between eqs. (5), (8) and accurate results still becomes much better for larger V-values.
Therefore eqs. (5), (8) represent excellent approximations for the fundamental mode microbending loss in
conventional single-mode fibres and multimode fibres of practical interest.

For a W-fibre according to Fig. 1b, this agreement may be not quite as good as shown by Petermann
and Storm (1976). Fig. 7 shows the ratio of the accurate microbending loss to the approximate loss accor-
ding to eq. (5) versus the radii ratio c for curvature power spectra according to egqn. (9). In Fig. 7a,
the parameters V, = 2.4 and 8 = (n,-nz)/(n;-ns) = 8.75 are chosen, and ¢ = 1 represents the conventional
cladded-core fibre,

For p = 0, eq. (5) yields exact results; for p £ 2, it deviates by less than 10 % from exact
results if only the radii ratio is ¢ = 1 or ¢ > 1.7. For intermediate values of c, however, the accurate
microbending loss is much larger than the value obtained from eq. (5). This large difference is due to
the peculiar field distribution in a W-fibre. The field is strongly concentrated within the fibre core,
then decays rapidly through the inner cladding but extends far into the outer cladding of refractive
index ?,. Thi? geculiar behaviour cannot properly be described by only introducing the spotsize parameter
Wo as in eq. (5).

The fibre parameters of Fig. 7a are indicated by a cross in Fig. 2. It is obvious that this fibre
is close to the HE,,-fundamental mode cutoff. Fibres of practical interest will be designed closer to the
cutoff of the next higher LP,,-mode, as, for example, the fibre indicated by a circle in Fig. 2 with para-
meters V,, = 3.0 and & = 5.6. For those parameters, Fig. 7b shows the ratio of accurate microbending loss
to the approximation from eq. (5); under these more practical conditions, the differences are less than
about 10 %. The agreement is much better in this case since the fields (in the outer cladding) decay
faster and therefore their contribution to the microbending loss becomes smaller.

Fig. 7c shows the spotsize parameter wo for the W-fibres according to Figs. 7a and 7b. Accurate
values for the microbending loss may now be obtained from eqs. (5), (9), and Fig. 7.

We have thus shown that eq. (5) is in good agreement with accurate numerical results also in case
of W-fibres, if the fibre is operated close to the cutoff of the next higher LP,,-modes. Otherwise the
accurate value for the microbending loss is larger than the value of the approximation.

According to egs. (5) and (8) the microbending loss essentially depends only on the spotsize para-
meter w, and the wavelength of light A = 2n/k. For the power spectrum according to eq. (9), this dependence
can be written as:

- w(()2+4p) ; a(2#2p) (10)

For fixed wavelength, the microbending loss Yy increases with the sixth or tenth power of the spotsize para-
meter for p = 1 or p = 2, respectively. For the choice of the optimum fundamental mode spotsize, two re-
quirements should be considered:

a) for low microbending loss, the spotsize should be small

b) for low splicing- and connector loss, the spotsize should be large.
In order to meet both requirements as good as possible, we require the microbending loss not to exceed
the microbending loss of a typical multimode fibre. This requirement is met for wo S 3A (Petermamn, K.,
1977). The proper .core radius can then be obtained from Fig. 6.

When considering the dependence of microbending loss on the wavelength of light, not only the
wavelength but also the spotsize changes owing to the dependence of spotsize on the fibre parameter V.
The relative dependence of microbending loss on wavelength is shown in Fig. 8 for a cladded-core fibre.
Curvature spectra according to eq. (9) are assumed. The dependence of the microbending loss on wavelength
is in qualitative agreement with the measured attenuation of single-mode fibres (Maslowski, S., 1976).

5.2. Pulse Distortion Due To Microbending

In the preceding chapter, it was assumed that the fundamental mode energy is converted to higher
order modes and that no reconversior occurs. If, however, the attenuation of the higher order modes is
low enough, the higher order mode energy is partly reconverted into the fundamental mode and distorts
signals.

Such signal distortion is more 1ikely to occur in fibres according to Fi*s. 1b and 1c, since for
them the higher order mode attenuation may be quite low. In the W-fibre of Fig. lb, the higher order
modes are continuously attenuated, while in Fig. lc, higher order modes are attenuated by discrete mode
filters.

Pulse distortion due to energy reconversion has been analyzed earlier for millimeter-waveguide
applications (Unger 1961). A more general study is possible by applying the time dependent coupled power
equations (Marcuse, D., 1974), where we assume for our present problem tnat coupling takes place from the
2 fundamental HE,,-modes to the four LP,,-modes only. These LP;,-modes then partly reconvert their energy
to the HE,,-mode, while some of their energy converts also to modes of still higher order.

The pulse distortion due to mode conversion and reconversion can be controlled in two ways:

a) by increasing the attenuation difference between HEi11- and LPii~mode

b) by increasing the number of mode filters.
For calculating the pulse distortion, we assume that only the fundamental mode is launched and also that
only the fundamental mode is detected by the receiver.
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This pulse distortion Timits the maximum bit-rate which can be transmitted. When binary PCM-modu-
lation is used, the most critical case for the choice of the decision level in the receiver is to distin-
guish a single high-level signal from a low-level signal which is preceded by high-level signals. A se-
quence of high-level signals corresponds to a long rectangular pulse, the output response of which can be
deduced from Fig. 9. The solid curve corresponds to the output signal as obtained without reconversion.
The dashed curve shows the pulse portion due to reconversion; it adds to the undistorted pulse. This
pulse portion yields the distortion; the main pulse is followed by a pulse tail of relative amplitude K.
The pulse tail decays exponentially and extends over a time span of At-L/n, where At denotes the delay
difference per fibre length between the HE,,-mode and the LP,,~mode. L denotes the total length of the
fibre, in which n mode filters are inserted. The rate of decay of the pulse tail from its initial ampli-
tude K depends on the attenuation difference between LP,;- and HE;;-mode.

For calculating the initial pulse tail amplitude, the attenuation difference
by =¥y = Yy - Y/2 (11)

is introduced. yo, Y1, and y denote the loss coefficients of the HE,,- and LP,;-mode and the microbending
loss, respectively. The loss coefficients y are related to the respective modal power P according to

Y = -(dP/dz)/P. v, also inciudes the loss as arising due to the coupling from the LP;;-mode to higher
order modes. If this loss contribution just equals ¥/2, Ay represents the attenuation difference between
the HE;;- and LP;,-mode in the straight fibre.

When transmitting very high bit-rates, the amplitude K should be small; it should not exceed unity.
For small K and when no mode filters are inserted, one obtains:

K = (70)2 (exp(-avL) + avL - 1)/(2(ayL)?) . (12)

Fig. 10 shows the relation between the relative amplitude K and the attenuation difference Ay. If, for
example, a fibre of length L = 10 km, exhibiting a microbending loss Y & 2dB/km is considered and if
K < 0.25 is required, the attenuation difference Ay should exceed 11 dB/km.

If, on the other hand, a fibre with Ay = 0 and n mode filters is considered, one obtains for small

K= (YoL)2/4n . (13)

For a fibre transmission line with y°L = 20 dB, corresponding to the above example, Fig. 11 shows the re-
lative amplitude K of the pulse tail versus the number of mode filters n. The dashed curve represents the
approximation according to eq. (13) while the solid curve represents an exact evaluation of the time depen-
dent coupled-power equations. For keeping the amplitude K below 0.25, 20 - 25 mode filters must be inserted.

The above design considerations must be applied if either the pulse duration of the PCM-signal is
small compared to AteL/n (when applying eq. (13}) or small compared to At/Ay (when applying eq. (12)). In
case of a cladded-core fibre with small microbending loss, which corresponds to a fundamental mode spotsize
wo S 3 um, the delay difference between HE1:~ and LPy;-mode is larger than about 6 ns/km. Therefore the
above design rules must be applied for bit-rates higher than about 500 Mbit/s.

Finally, it should be noted that the above analysis represents a worst-case calculation, it con-
siders long sequences of high-level signals. When choosing a suitable code for the PCM-modulation, where
long sequences of high-level signals do not occur, the transmission characteristics can be improved.

6. CONCLUSIONS

It has been shown that microbending loss becomes negligible, if the fundamental mode spotsize is
chosen sufficiently small. Pulse distortion due to microbending also becomes negligible, if the higher
order modes are sufficiently attenuated. Under these conditions, the fundamental mode is able to transmit
very high bit-rates, especially when the fibres are operated at wavelengths A > 1 um, where material- and
mode dispersion compensate each other. In case of this compensation,transmission rates of hundreds of
Gbit/s become feasible.
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BEAM EVOLUTION ALONG A MULTIMODE OPTICAL FIBER*
by

S.Y. Shin and L. B. Felsen
Department of Electrical Engineering and Electrophysics
Polytechnic Institute of New York, Farmingdale, NY 11735

ABSTRACT

When a Gaussian beam is injected obliquely across the endface of a multimode optical fiber, the
field inside the fiber may be explored either by tracking the beam or by expansion in terms of guided
modes. For highly collimated beams and large core radius, direct tracking is preferable until the
multiply reflected beam fields can no longer be individually resolved. This paper presents results for
the phase and amplitude of the beam field as it progresses down the fiber via successive reflections from
the core interface. The analysis is performed by first formulating the fields generated in the fiber by a
point source and then converting these fields to beam fields by assigning a complex value to the source
coordinates. It is shown that paraxial Gaussian beam fields are calculable completely from correspond-
ing point-source-excited fields in a geometric optical ray bundle. It is found that the beam projection on
the fiber cross section refocuses between reflections but that the beam divergence increases when the
number of reflections from the fiber wall is sufficiently large. Numerical results are presented for
beams injected in 2 meridional plane.

1. INTRODUCTION

The coupling of Gaussian laser beams into dielectric fibers is of special interest for optical com-
munication. The extensive literature on this subject may be divided into two major categories: a) con-
tributions which treat the problem by guided mode analysis, and b) contributions which employ a ray-
optical approach (SNITZER, E., 1961; KAWAKAMI, S. and NISHIZAWA, J., 1968). The latter have
been concerned either with the ray-optical interpretation of guided modes (SNYDER, A. W., PASK, C.
and MITCHELL, D.J., 1973) or with direct ray tracing. Ray tracing has been used primarily to chart
the trajectory of an injected beamn, but has not been exploited for quantitative information on the ampli-
tude variation of the beam field, especially in focusing regions where conventional ray optics is inap-
plicable. Moreover, the usual ray-optical treatment does not account for multiple reflections at the
fiber wall, nor for conversion from rays or beams to modes when the latter description is more appro-
priate. The alternative use of multiply reflected beams or of guided modes is relevant especially for
multimode fibers with large core diameter since the spot size of a focused incident beam is then small
compared to the fiber cross section. It may therefore be advantageous to track the incident beam di-
rectly into the fiber rather than to express the field at the outset in terms of the guided modes. Such
beam tracking forms the substance of this paper. Beam coupling to the guided modes is to be presented
separately (SHIN, S.Y. and FELSEN, L. B., in preparation).

A new technique has recently been formulated whereby an incident two-dimensional or three-
dimensional Gaussian beam is generated from an incident line source (cylindrical wave) or point source
(spherical wave) field by assigning complex values to the source coordinates (FELSEN, L.B., 1975).
Thus, the Green's function problem, long of interest in radiation and diffraction theory, is also funda-
mental for the calculation of fields due to Gaussian beams. For the optical fiber, the relevant Green's
function is that for a dielectric cylinder with homogeneous or radially inhomogeneous refractive index
profile. Of special importance is the construction of high-frequency asymptotic solutions since these
describe the parameters for optical propagation. Such solutions can be developed directly by ray-optical
methods, without the need for departing initially from an exact formulation of the field problem. Apart
from yielding the desired information directly, the ray-optical method is important because it can accom~
modate geometries, such as non-circular fibers or fibers with anisotropic core, for which exact solutions
are not available.

While the complex-source-point technique converts the ray-optical field into a general beam field,
it is adequate (for heams that remain well collimated) to consider only the paraxial region surrounding
the beam axis since the field elsewhere is very small. Under these conditions, it suffices to restrict
the source-excited ray-optical field to the vicinity of a central ray that subsequently becomes the beam
axis; i.e., it is adequate to treat a particular thin ray bundle rather than the entire family of rays. It is
then found that the real parameters governing the phase and amplitude behavior of the field in the ray
bundle also describe the field in the Gaussian beam when the analytic continuation to complex-source-
point coordinates is performed. Thus, as in the parallel plane case (FELSEN, L. B. and SHIN, S.Y.,
1975), a rigorous link ie provided between point-source-excited ray optics and paraxial beam optics, in
terms of the conventional ray-optical parameters which have strong physical content. This aspect
facilitates examination of the multiply reflected beam field solution with respect to periodic refocusing,
beam spreading, and other physical attributes.

2. RAY-OPTICAL FIELDS

As noted in Section I, the paraxial ray bundle emanating from a point source is fundamental for the
subsequent construction of the fields excited by a Gaussian beam. Moreover, the three-dimensional

iy This research was sponsored in part by the Joint Services Electronics Program under Contract No.
F 44620-69-C-0047 and in part by the National Science Foundation under Grant No. ENG-7522625.
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fields in the fiber can be easily derived from a knowledge of the two-dimensional fields in the fiber cross
section. Therefore, paraxial ray bundles emitted by a line source parallel to the fiber axis (z-axis) are
considered first.

2.1 Two-dimensional Problem

(a) General ray-optical fields

The incident field (line source in an unbounded dielectric with constant refractive index) is normal-
ized so that Gi.nc is the infinite space Green's function

= i 1 1 2
Ginc =7 Ho( )(kp)'z ’-m— exp(ikp +in /4), kp >> 1, (1)

where k is the wavenumber and p is the distance from the source. - A time dependence exp(-iwt) is
luppresied. Then the field G along a ray after s reflections at the walls of a fiber with a radius "a" is
given by™:

1/2 X " n
8 -4 1% L.le R TR o
4 mk L'Lfo Loj72
where
T=2s L,-L +L. (2a)

The lengths L,. Lg,, L, and L, defined in Fig. 1, are measured from the perpendicular bisector of the
central ray (shown é')ashed) in a ray tube: L, = a siny, is the half length of the central ray between re-
flections, Ly locates the source point S, Lg, is the distance to a ray tube focus (point of tengency of the
central ray with the caustic of the reflected ray family, which is not shown), and L is the distance to an
observation point. The orientation of the central ray is fixed by the angle Y, Depending on location
along the multiply reflected ray, L and Lg, may be positive or negative; in regions @ , they are
positive, while in regions » they are negative. The integer s counts the number of reflections, and
og counts the number of times that the central ray passes through a ray tube focus. Focusing need not
occur after every reflection. In fact, a real focus L = Lf, is possible only when L and Li, have the
same algebraic sign, and when lLf°] < Lj; otherwise, there will be a virtual focus. The following rule
concerning solutions of the equation L = Lf, is found to apply:

s> (La/ZLo) +1/2 ~-  real focus in region 1
s < (L‘/ 2L ) - 1/2 --  real focus in region 2 (3)
L L
z—:—---%<o< -Z%-+ % -- no real focus
o (]

The ray-optical formula in (2) evidently fails when L - Lg¢, and must then be augmented by a
caustic transition function (FELSEN, L.B. and MARCUVITZ, N., 1973). We shall exclude such
observation points from our considerations. The focal distance is given by

-1 1 1 28
L, =L L (L -2sL) or s SR, S (4)
fo a o a o Lt'o Ly .

Thus, the focus moves toward the center of the reflected ray cord (i.e., Lg¢, = 0) as the number s of
reflections increases sufficiently. The total field at an observation point g , as computed by ray optics,
is given by the sum of all fields along rays passing through g . This implies inclusion of all rays with
such initial angles that they reach p after an appropriate number of reflections.

The ray-optical formula in (2) implies that the wall reflection coefficient is I' = +1 so that phase
and amplitude of a ray are preserved after reflection. To account for the incidence-angle-dependent re-
flection coefficient at the wall of a dielectric fiber, the field after every reflection should be multiplied
by n‘y‘), where (assuming total reflection and negligible leakage),

2 2 V2
oln'y.-l(co- 'y‘-n) o
Ty, = a 7 = exp [100,)] (5)

sin ‘y. + i(conzy. - nz)

where the relative refractive index n is smaller than unity.

rs« Appendix A (also FELSEN, L.B. and MARCUVITZ, N., 1973) for the source-excited after a single
reflection. Multiple reflections are treated in the same way by calculating the ray tube cross section
with reference to every relevant real or virtual focus.
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If the ray is to be tracked over many reflections, it is appropriate to employ the modified trajec-
tories and fields obtained when a lateral ray shift on the boundary is included. For the present discussion,
the effect of the ray shift can be neglected since its cumulative effect over the range of interest here is
not significant. It can be shown that, at a given observation point, the field computed irom (2) and (5)
with the non-shifted path in Fig. 1 agrees with the field computed with the laterally shifted path in Fig. 2
provided that the number of reflections is not too large and that L # L¢,. This is analogous to the result
found previously for the plane stratified layer problem (FELSEN, L.B. and SHIN, S.Y., 1975). It should,
however, be emphasized that when the multiply reflected ray fields are to be summed into guided modes,
the laterally shifted paths must be utilized in order to furnish the correct asymptotic modal dispersion
equation.

(b) Paraxial approximation

The ray-optical fields in (2), with (5), are now expressed so that they describe observation points
in the vicinity of the central ray in terms of quantities pertaining to that ray. This is accomplished by
expanding the phase along a neighboring ray in terms of the parameters for the central ray (the ray
amplitude is insensitive to this correction). Thus, introducing a perpendicular distance d froma point
p on the central ray to an observation point p = (§, d), one finds that, without inclusion of the lateral
shift (see Fig. 3), 5 ®

o
~

Tg.d=2sL -L +L+

5K R=L-L. , (6)

bl

provided that d << |R|. Subject to this modification, the formulas in (2), with (5), describe the field in
the paraxial region about the central ray defined by the angle y,. Note that R is the radius of
curvature of the wavefront, positive for convex and negative for concave curvatures.

2.2 Taree-dimensional Problem

For the three-dimensional case, the incident field, due to an oscillating point source at r'= (o', 2'),
is given by the infinite space Green's function %

] 1/2

ikr

G, =S r=[92+(z-z')2

inc 4rr * (M

where r is the distance from the source point to the observation point. The ray-optical field after s
reflections in the cylindrical waveguldc is, in the paraxial approximation:

L /s |2 |L fsing |V2 ke -i(v /2)gg
.o R /e B R,/ein B anL /e P ° (8)

where the phase function is given by

a2 at
1 2
b=(28L, - L + L)/sin B + 2R,/sinP + ZRZ/un B . 9)
with
R1=L-Lf° » RZ=ZsLa-L°+L ‘ (9a)

Here, P is the angle between the ray and a line parallel to the positive z axis (see Fig. 4).dz is the
perpendicular distance from the central ray measured in the plane containing the ray and a line parallel
to the z axis, and d; is a perpendicular distance from the central ray measured normal to that plane.
All the other symbols have been defined previously. The three-dimensional interpretation of various
distances D follows from the recognition that lengths D and D/sin p measure, respectively, the cross
sectional projection and the actual length along a ray. The third factor in (8) normalizes the incident field
to its value at the central plane along the ray cord (see Fig. 1). The first and second factors account for
the ray tube cross section spreading in transverse and longitudinal planes, respectively, as sketched in
Fig. 5, keeping in mind that the non-spherical wavefront has two different radii of curvature R} /sinp and
Rz/.ln f. While the transvereely projected ray tube focuses periodically as in the two-dimensional case,
the longitudinal projection expands indefinitely.

As in (2), with (6), the boundary reflection coefficient in (8) is I'= 1. When the incidence-angle-
dependent reflection coefficient T (y_.PB) for the boundary of the dielectric fiber is included, the field in
(8) must be multiplied by [T (v,.8)]° . where

2 2, 2 V2
-lnﬂ-in'y.d(coo ‘y.+co| p-n")
r(‘V‘- B) = 172 = 0!9[19(1‘.#)] (10)
sin P sin s ﬂ(couzv‘ + co-2 g - nz)
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The corresponding laterally shifted path, required in general but not for the present study, is shown in
Fig. 6.

3. MULTIPLY REFLECTED BEAM FIELDS

The preceding results for line-source and point-source-excited fields can be converted into excita-
tion by a sheet beam and a rotationally symmetric Gaussian beam, respectively, by assigning a complex
value to the source point. For the two-dimensional case (Fig. 7(a)), if the beam axis is inclined at an
angle a with respect to the positive x-axis and the beam waist is centered at X, thereon, one replices
the real source point (x',y') by (xo + i? cos a, ib sin a), where b is a positive constant related to the
beam width w, at the waist by b = kwo/Z (FELSEN, L.B., 1976). Thus, the polar source coordinates
(p'. ¢') are transformed into

B2 - 1/2

p' =(x'2+y'z) = [(po cos a + ib)2+p§ sinza ] (11)
. . 5 1P sin a

¢' = tan \ -xL' = tan"} (poit;b“:o:a ) =cos " (== Py ) - (% - a) (12)

1/2
where p = (x2 + yZ) = X, » For the three-dimensional case with source point at (p', ¢',2'), if the
beam axi% is t8 be fhclined at an angle B with respect to a line parallel to the z-axis, if its projection in
the x-y plane is to make an angle o with the positive x-axis, and if its waist is to be centered at
(xgs 0. zo) (Fig. 7(b)), then

IR S T
p' = [(p ,cos a+ib )"+ p~8in“a] , b =bsinp (13)
o i o 1
ib sin a p_sin a
-1 i - o PPl o 1.5
¢' =tan (m ) = cos ( o ) - ( > a) (14)
¥ . #ib o, b, =bcos p (15)

This may be shown to be equivalent to the replacement
Lo - Lo +ib (two-dimensional case) (16a)

L =L +ib , 2'=2_ +ib_ (three-dimensional case) (16b)
o o i () z

where b and bz are the transverse and longitudinal pProjections, respectively, of the beam direction
vector E‘L The fuzal distance Lg for the two-dimensional case becomes accordingly:

La(L°+ ib) ¥ i
b= T et L til o @
a o
where
2
(L _-28L ) - 28b
e o' "a (") (18)
f a 2 2
(La-Zs Lo) + 4|Zb
Len 3 (19)
f 2 2
(L,-2s L )% + 48%
For the three-dimensional case,
& b=b in (17) - (19) (20) E
a - ¥
i From (6), the paraxially approximated phase for the two-dimensional beam becomes “
’ 4
————— PR NS —
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dZ

Y=2s L_ - (L, +ib) 4+ L 4 ———r—
8 ° Z(L-L;-iLf)

2 r i
d%(L-Lg +iLg)

= 2s La-(L°+ib)+L+ (21)

r 2 11¢
Z[(L-Lf) +(Lf)]

from which one observes that the mlnlir}um beamwidth occurs at (the beamwidth w is defined so that the

exponential amplitude becomes exp(-d w?))
L= L;’ . (22a)

rather than at the paraxial ray tube focus L = Lfo (Fig. 8). The displacement from the ray tube focus is
given by

L% - Lo»-2s L} bz/[(L‘ -2L )%+ 453 (L, ~2sL) (22b)

and the beamwidth at the minimum by

wo=w L [(2sL - L)% +4s%b% ) -2 w, = (@2b/10Y2 (22¢)

The total paraxial beam field is from (2), for d << IL-Lfl .

: L. -df2 iky,  -i -
= [2n f 1 b 2 r i ‘
G~ fex ) e e . Le=L. +iL;. ., ¥ (23)
b 4m4fk (L-Lf (L°+lb)172 g e f

with the square roots so defined that Eb ~+G in (2) when b = 0.

Thus, after many reflections, the minimum beamwidth tends to zero, the location of the minimum
approaches the center of the reflected beam axis cord (since Lf = L¢, = 0), and the field amplitude tends
to zero since L! = 0. The latter circumstance implies a rapid divergence of the beam after many re-
flections. In (22a), the location of the minimum beamwidth after 8 reflections has been based on the
exponential behavior only, without inclusion of the algebraic terms in (23). One observes that (23) re-
mains valid at the beamwidth minimum so that for the paraxial beam field, the restrictions imposed on
the ray-optical formula (2) may be removed. Note, however, that since Ly =0 as s = , the resulting
restriction d << | L| prohibits observation points in the narrow focal region L =0, which then resembles
that for the paraxial ray bundle (see (6)).

For the three-dimensional paraxial beam, and a boundary reflection coefficient I' = 1, one has
similarly (see (8) and (9)),

¥ = [Z-L‘+L-(L°§ib*)] /-mp
2

a? d

1 2
Z(L-L; ¥ gL:)/ sin B 2(2s L.+ L - (l..°+ ibl))/ sin B

4

(24)

with a consequent displacement of the beamwidth minima along the d; direction in the cross section,
from the ray focal points L = Lg, to

L=1LE

f (25a)

The normalized minimum beamwidth (at L§) along the d; direction and the corresponding nprmalized
beamwidth along the dp direction, respectively, are (note the change in (20) for L§ and L} in (19))

12
w. I 1/2 w,, (2o L +15 - L )2
Cogultl SR sl b o g b st
|
|
e —— o~

- e A PR i et amisb A




)

&
=
z(.
L

iz

8-6

The paraxial beam field becomes, with the square roots so defined that Gy, +G as b0,

Le WA L #ib 12 Lk dy,
G~ | e 1 e (26)
b L, 3 P S LR B an (L +16)/snP
a o 1 o 1

As before, the multiply reflected beam, when projected onto the waveguide cross section, focuses
pertodically but diverges more strongly after successive focusings; the longitudinally projected beam

profile spreads out continuously. This is shown in Fig. 8 for the special case when the beam axis lies in
a meridional plane.

The modifications for the indicence- angle dependent reflection coefficient in (5) and (10) follow
from Sec. II but do not appreciably affect the observations made above in connection with beam tracking.

The utility of beam tracking becomes questionable when the multiply reflected beams can no longer
be individually resolved. It may then be prefereable to employ the guided mode expansion (SHIN, S.Y.
and FELSEN, L.B., in preparation). An appropriate criterion defining the limit of resolution in the
longitudinal section of Fig. 8 is the equality of the axial beamwidth Qg after s reflections and the
spacing Zg between successive reflections. Both Qg and Zp can be expressed as in the parallel plane
geometry ( FELSEN, L. B, and SHIN, S.Y., 1975),

1/2 R,
Q = (&) Sinp . Zﬂnﬂ..‘cotp . (27)

where Rg = (ZIL‘ +L - Lo)/linb is the total path length along_the beam axis after s reflections.
From Qg =Zg, one obtains the limiting number of reflections s, beyond which the multiply reflected

beam fields fill the entire longitudinal cross section (see Fig. 8(b)), as the integer closest to s = 8y
where

s, = (ZL‘)'l(kwoL.-inp cosp+ L -L)= %kwo sinf cosp . (28a)

The last expression is valid when B % 0, and wo is defined in (22c). The corresponding axial distance
Zl is

z, = ';Zp/z (28b)

The limit of resolution in the transverse cross section (Fig. 8) is somewhat less clearly defined.
Here, the degree of collimation of the beam may be taken as an appropriate measure of the utility of
beam tracking. Since the angular divergence @ of a Gaussian beam is ¢ = Zun'l(z/kw.). where wg is
the minimum spot size as given in (22¢c), one may solve for the number of reflections 8 as the integer
closest to s, corresponding to a specified valuc of C & tan (@/2). recognizing that kw,>>1:

L, +[L? {(—;-—kw° o) - 1yt bz)]l/z k
+ - + W,
o= L, —2>—2° o N CkwoL.[4(L§+bz)l/z]'1, if —2C»1 (29)

2 2
Z(Lo + b%)

When C is of the order of unity, the beam is strongly divergent, and s; may then be taken to define a
limit on the utility of the beam tracking procedure. The overall limit is then provided by the smaller of
sy and s,.

4. INFLUENCE OF FIBER ENDFACE

In the preceding treatment, it has been assumed that the incident beam is launched from inside the
fiber. To account for exterior launching across an endface as in Fig. 9, we consider a transmitted ray
tube on one side of a dielectric interface (where the wavenumber is k) when a point source is situated
on the other side (where the wavenumber is ko). Since the transmitted wavefront is non-spherical, the
family of transmitted rays does not converge on a point but is tangent to a caustic surface (FELSEN, L. B.
and MARCUVITZ, N., 1973). Therefore, the field across the endface inside the fiber does not have the
form (7) but rather a form similar to (8) which accommodates an astigmatic ray pencil. Moreover, with

Fdonochg the angle between the incident ray and a line pai:a(gol to z (see Fig. 9a), the incident field

should be multiplied by the transmission coefficient, [1 + ) ]; the direction of the transmitted ray
pencil is inferred from that of the incident pencil by Snell's law. These considerations lead to the fol-
lowing field across the endface inside the fiber:




dZ dZ
ik r ik| r, + 1 + 2
(1) _(2)
i t (1) (2
Gt = ~ e—hvl- {1+r(3')} x'ol l.o 5 rt+r° rt+r° ) 5
ra y (rt‘"f) ))(rt+r‘£2)) (30)

where
2
(1) k (2) _ _k cos”p
R i T PR e v (30a)
o o cos“ B

are the distances to the virtual foci of the astigmatic ray pencil, while r; and ry are the lengths of the
incident and refracted ray segments, respectively, measured along the central ray. The paraxial dis-
tances d; and d, from the central ray are measured perpendicular to the plane of incidence and in the
plane of incidence, respectively. The various geometrical quantities are defined in Fig. 9. The tracking
of this field between reflections at the fiber wall then proceeds as in (8), provided that in the first factor,
Lgo is taken from (4) with L, replaced by L ), and in the second factor, L, is replaced by Lo(z).

Conversion of the incident point-source-excited field into a Gaussian beam field is accomplished as
before by making the replacements T -’(ri- ib).

5. NUMERICAL RESULTS

The behavior of the beam as it travels between successive reflections at the fiber wall is described
by the minimum normalized beamwidth (wg;/w_) and the corresponding normalized beamwidth (wgp/w)
in (25b). When the beam axis lies in a meridiona] plane, one has L, =a and measures L, from the
eylinder axis (see Fig. 1(a)). Numerical results as a function of fiber radius and of the wit?th. minimum
spot location and launching angle of the injected Gaussian beam are presented in Figs. 10-12. One
observes from Fig. 10(a) that decreasing the fiber radius or increasing the injected beamwidth via b
eventually decreases successive beamwidth minima wg), and hence increases the rate of beam diver-
gence, in the cross section plane. This behavior is attributed to the greater boundary curvature sampled
by the incident and successively reflected beams under these conditions. In the meridional plane, the
rate of divergence (essentially linear) decreases with decreasing fiber radius or increasing beamwidth.
In the former case, this occurs because the beam travels a shorter distance between reflections (Fig. 104)
while in the latter case, the more highly collimated incident beam spreads more slowly. As the waist of
the injected beam moves closer to the boundary, the rate of beam divergence in the cross section plane
increases (Fig. 11(a)) but is practicaliy unchanged in the meridional plane (Fig. 10(b)). This follows
from (25b), with (18)-(20), since the dependence of wg] on Lg occurs in the product (sL_). whence in-
creasing L  generates a given wg; after fewer reflections s. Finally, decreasing the ‘injection angle
P has the same cross sectional effect as decreasing the beamwidth b since P and b in wg; occur in
the combination (b sin ). Thus, the beam diverges more slowly in the cross section plane (!‘ig. 12).
However, since the distance between reflections is now large, the beam may fill a substantial portion of
the meridional plane after or even before the first reflection. It should be noted that several of the
(wg1/wo) curves achieve values greater than unity for small values of s, thereby signifying better col~
limation between initial reflections before broadening occurs.

6. CONCLUSIONS

In this paper, it has been shown how the field associated with a Gaussian beam injected across the
endface of a multimode constant index circular fiber can be constructed entirely by the ray-optical method.
This method yields the amplitude as well as the phase of the field and can be generalized to other fiber
configurations (e.g., non-circular geometry and (or) non-isotropic composition) which have so far defied
exact analytical treatment. The ray solutions are converted into beam solutions by the complex-source-
point procedure. The linkage between an optical ray bundle and a paraxial Gaussian beam stressed in the
analysis has provided not only physical insight but also computational convenience. While the ray-optical
formulas fail in the vicinity of the focal regions of the ray bundle, the corresponding beam formulas re-
main applicable there and can be used to predict the spot size everywhere along the multiply reflected
beam. Thus, beam tracking by ray optics and subsequent use of the complex-source-point method is
actually simpler than ray optics per se, although the paraxial beam formulas contain, except for the
initial spot size, no other parameters than those of the optical ray bundle.

The behavior of the multiply reflected ray bundle and beam have been discussed in some detail. An
obliquely incident, non-meridional ray bundle, when projected onto a cross sectional plane, is refocused
between successive reflections at the curved fiber wall, but the rate of divergence of the bundle is found
to increase with the number of reflections. On the other hand, the longitudinally projected ray tube cross
section expands continually. When the multiply reflected ray bundle has diverged so much that individual
reflections can no longer be resolved, it may be better to express the field in terms of the guided modes
(SHIN, S.Y. and FELSEN, L.B., in preparation). These observations remain applicable when the point-
source-excited fields are converted into beam fields; the focal regions of the ray bundle locate approxi-
mately, after many reflections, the focal regions of the paraxial beam. Thus, both the direct
beam tracking and the guided mode formulations are useful, depending on the propagation length at which
the field is observed. Very highly collimated beams injected into a large diameter fiber may remain
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resolvable over considerable distances. The output field will then again be a spot located appropriately
in the cross section of the fiber endface. These observations are supported by the numerical results.

Only scalar fields have been considered here. Electromagnetic vector beams can be treated in the
same manner by looking first at the fields excited by a vector dipole and then assigning complex values
to the source coordinates. Moreover, the analysis can be readily extended to graded index fibers by
following the procedure employed for the plane parallel configuration (FELSEN, L.B. and SHIN, S. Y.,
1975).

7. APPENDIX A

Derivation of the Ray-Optical Formulas

The formula in (2) can be constructed directly by ray-optical methods. First, one determined the
ray paths and ray tubes shown in Fig. 1. In cylindrical (p,¢) coordinates, the ray path can be expressed

as ¢= ¢(p,n), where the ray parameter p identified the initial ray orientation Ve via the relation
#=a cos y,. On the ray path, the functional dependence of ¢ on p is for ¢ > ¢' "+ 2nn (see Fig. 13),
a

=y, -V t27, + ¢ +2nw (31)
where (p', ¢') locates the source point x and

'ya=cos°l(u/a) : 1>=col-1(p,/p>) . 1<=col'1(u/p<) (31a)

with Py and p_ denoting the greater or smaller values, respectively, of the radial coordinate. The ray
tube crou sectfon is calculated from Fig. 1(b) as

L- Lfo

fo

dA = p sin v do = (p sin v) du (dd/dK) | au (32)

p = const. T I L

where p =a cos y, =p cos vy characterized the central ray and dp is constant along a ray tube. The
ray tube cross section is conveniently tracked along p = constant contours, for which d¢/du is then
evaluated from (31); this leads to the last equality in (32). The procedure is analogous to that employed
in reference [9] for ray tracing in plane stratified media, and remains valid when ¢ in (31) is modified
to account for a ray shift upon reflection.

The ray-optical field is calculated from the well-known formula

k(W - ¢ )
u=t e 1/3‘%— (33)

where the caret superscript identifies conditions at an initial reference point alocng a ray, with yg
representing the phase. The initial field can be referred to the source point (or focal point) by t.he re-

lation
Akd 3 kL +ig
Qe T ’;ﬁ_‘— e (34)
()

which then reduces (33) to (2).
The three-dimensional field in (8) follows from directly analogous considerations.
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(b) calculation of ray tube cross section

Fig. 1 Ray tube and definition of coordinates (ray shift omitted)

(a) multiply reflected ray
(b) calculation of ray tube cross section

Fig. 2 Ray path with lateral shift on boundary
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G
3

<«—central ray

ray tube focus

Fig. 3 Parameters for paraxial approximation

Fig. 4 Three-dimensional geometry. P is a paraxial observation point.

Line AB is the projection of the ray on the cross section. dz is measured in the plane
ABCD containing the ray
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Fig. 5

central ray

parallel to z direction

H
IAB 2 | Lto
CD 3 L—Lfo

E| Lfo

o

central ray

parallel to the axis

(b)

Projections of ray tube in threec dimensions

(a) Projection of ray tube in the direction of dl'

Note: AB [|CD; lines AB and EG lje in the cross section; point E is at the center
of the transversely projected ray path EG' between reflections.
(b) Projection of ray tube in the direction of dz.
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S el S
k) d(cos x)
angular shift

R e
k d(cosB)
(longitudinal shift)

Fig. 6 Ray trajectories with lateral shift. The phase increment Ay due to the conventional lateral
shift L, = -d0/dk, on a plane boundary is k, L,, where z is the coordinate along the
boundary and k, is the wavenumber along z. e analog for the curved boundary is
Ay= deLtb , where k¢= k cos v, and L¢ = -de/dkd, ]

y
[}
% beam axis,b ‘
X
o4
Lo
(a) two - dimensional (b) three — dimensional

Fig. 7 Coordinates for beam problem
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transmitted beam axis
y4

— parallel to z axis

end
face

incident
beam axis

(a) physical configuration

observation point

— — — — — — — —

source

(b) definition of geometrical quantities

Fig. 9 Beam incident on fiber endface

(a) Physical configuration
(b) Definition of geometrical quantities. The right-hand side of the figure depicts the plane
of incidence and the left-hand side depicts the projection on the endface. The distance
and LJ2) show the displacements of the virtual foci for the refracted vay froma
horizontal s through the center of the fiber.
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Fig. 10

Wy
, wo

Minimum Normalized Beam Width

Fig. 11

1.0

Minimum Normalized Beam Width
o)
o

100

W,
Normalized Beam Width, 3
Wo
(6]
o

Number of Reflections, s Number of Refiections, s

(a) Cross Section Plane (b) Meridional Plane

Minimum normalized beamwidth wg)/w, and correspondire normalized beamwidth wg z/wo vs.

number of reflections, for different fiber radii and initial minimum spot size. Fixed beam
parameters: B = 15°, L, =a, L= a/9, k = 2.54n. Curve 1: a =450; curve 2: a = 270;
curve 3: a = 180. Solid curves: = 400; dashed curves: b = 1600. All lengths are measured
in microns.
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Minimum normalized beamwidth w.l/wo and corresponding normalized beamwidth w,z/w V8.
number of reflections. Beam parameters: p = 150, L,=a, L = 2a/3, b = 400, Curve
a = 450; curve 2: a = 270; curve 3: a = 180. All lengths are measured in microns.
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Wo

Meridional Plane, Ws2

/w,

vs. number of reflections. Beam parameters: P =1°, L, =a, L, = a/9. b = 1600, k = 2. 54r.
Curve 1: a = 450; curve 2: a = 180. The solid line indicates w,l/w0 and the dashed line

wg2/Wo. All lengths are measured in microns.
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TESTING OF TENSILE STRENGTH OF OPTICAL FIBER WAVEGUIDES
by
C.Kao, M.Maklad, J.Goell
ITT Roanoke
Roanoke, VA 24109, USA

Introduction

The tensile strength of an optical fiber waveguide is an important parameter. It
determines both the stress levels permitted along the fibers during cabling and
during service. In general, strong fibers require less exacting cabling machinery
design and allows more flexible choice of strength reinforcing material for making
up a cable to meet specific strength requirements.

The tensile strength of an optical fiber waveguide is governed by the existence of

a stress concentration along the fiber, such that fracture stress is reached at that
point. Current evidences suggest that surface flaws are principally responsible

for the development of high stress concentrations and that failure of a uniformly
stressed fiber in tension occurs at the deepest surface flaw. Furthermore, in the
presence of moisture, the flaws over the fiber surface would enlarge under a stress
level well below that of the fracture stress. This effect is known as fatigue or
stress corrosion. The stress level, above which crack propagation takes place, is
called the fatigue limit. Thus, if the service stress is higher than the fatigue
limit, it could lead to premature failure.

The measurement of fiber strength is complicated by the statistical variation of
fiber strength along the length of a fiber. If sufficient data can be gathered such
that the statistics of the large but rare flaws are characterized, then extrapolation
of statistical values of fiber tensile strength of one test gauge length to that of
ancther may be defined with known confidence limits. Otherwise, extrapolation is at
best fortuitous. On the other hand, if the nature of the rare flaws are known,

then more suitable testing techniques may be evolved. What is desired is to have test
procedures which enable reliable long length strength to be predicted, while the
procedures should be simple and should not destroy more fiber than necessary. This
paper indicates, by way of experimental evidences, how a testing procedure could be
developed.

Discussion

If the fibers are made by a consistent process, then the statistics of flaws (conven-
iently expressed in terms of Weibull Distribution) is well defined. If there is more
than one way for the flaws to be formed in that process, then the flaw distribution
may be multimodal, and the Weibull probability plot may assume an '"S" shape. This
situation was commonly found in many fibers. 1In those cases, the statistics of the
rare large flaws are extremely important to be determined accurately; otherwise,
extrapolation for long length strength may lead to gross inaccuracies. If the flaws
are caused by a single mechanism, then a linear Weibull plot results. In that case,
the extrapolation accuracy should improve.

The atove argument leads to the following test procedure. From short gauge length
tests, the Weibull probability plot is constructed for a particular fiber, using

F= l-expl(0/0 )™ (L/L,) (t/t)").

From the plot, the Weibull parameter m is determined. In the case of a non-linear
plot, the determination of a valid m is in question.

Extrapolation of long length (L,) strength from short length tests results at a
particular failure probability is given by

(01/02)" (L1/L2)=1

This can be substantiated by using a proof test at a stress equal to the expected
stress where a given probability of failure will occur. For experimental purposes,
the proof stress chosen may be for a 5% probability of failure, for a short gauge
length of 2 m, so that by testing a few lengths of 1 km samples the extrapolation
validity may be verified.

If m is not well defined, then the choice of proof stress becomes difficult. In such
cases, proof tests .mst be carried out at different stress levels in order to determine
the rare flaw distribution.

In the proof tests, it is necessary to take into consideration the stress corrosion
effects. If the proof stress is applied over a considerable time, the fiber strength
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will decrease. The permissible duration can be inferred from the static fatigue failure

data.

Sample Preparation and Test

The samples tested were prepared by drawing fibers of long lengths. The fibers were
coated on-line with protective claddings to reduce the possibility of damage due to
me.hanical abrasion.

The tensile strength on short gauge length was obtained by the following technique.
A long sample was divided into the number of specimens to be tested of specific gauge
length. A specimen was then mounted on the tensile testor (Figure 1) by looping one
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end around a large diameter spool (d=4") which was attached to a tensile gauge

(0-200 1bs.).

The other end was threaded around another spool of the same diameter
which was attached to a lever which was used to apply the load.
fiber was then wrapped again around the first spool and attached.

The end of the
The load was

applied at a known rate and the fracture load alues read from the tension gauge.

The test for long gauge length tensile strength was as follows.
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The long length sample

was held on a spool and reeled off between two large rollers, as in Figure 2.
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A tension gauge was used to measure the stress developed between the two rollers by a

controlled slip clutch on the drive wheel.

sample can be tested.

In this manner, the entire length of the

Static fatigue tests were performed on short gauge length samples by winding over a

series of mandrels of different sizes, simulating different tensile loads.

failure were recorded.

Experimental Evidences

Times to

A typical Weibull plot for a short (60 cm) length gauge test of a fiber sample (A) made

without special precautions is as shown in Figure 3.
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point derived from long length strength tests. This clearly illustrates a non-linear
distribution.

A typical Weibull plot for a short length gauge test of a fiber sample made with

special precautions is as shown in Figure 4. It can be seen that the m value is

greatly improved and that the Weibull plot is linear, except a small tail distribution.
Proof test at 500 kpsi confirmed the extent of the tail. Thus, short length test

gives a good guide line to expected long length strength but extrapolation using the
apparent m value would lead to optimistic estimation unless tail distribution is absent.
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Figure 4

Static fatigue tests showed the time-to-failure for the same fiber (illustrated in
Figure 5) at different stress. The n value was calculated from Figure 5 and was found
to be 25. If the fiber is subjected even to a proof test load of about 400 kpsi for

a duration of 10 seconds, the expected degradation from Figure 5 can be seen to be
negligible. At a service load of 100 kpsi, the fiber is expected to last forever.
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Concluding Remarks

The extrapolation of fiber strength for a long length fiber from short length strength
tests is reliable only if the flaw distribution is well characterized. For a fiber
with random flaws caused by several mechanisms, the extrapolation is unlikely to be
reliable.

The test procedure which could be used to characterize fibers with specified strength

is to conduct short length test coupled with proof test at about twice the service
strength. For fibers made for high strength, this procedure allows high production yield
as well as a guaranteed strength specification. For fibers made without special pre-
cautions, this procedure could still be adopted, but the fiber yield may be unacceptably
low.
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COLOUR MULTIPLEXING TECHNIQUES AND APPLICATIONS IN
OPTICAL WAVEGUIDE LINKS.

David A. Kahn
Plessey Radar Research Centre
Havant, Hants., U.K.

SUMMARY

The feasibility of colour multiplexing is established in the paper by a review of the
currently available components, namely sources, detectors, waveguides, and colour splitting/combining
devices. .

Operational systems employing colour multiplexing and developed in the author's laboratory
are then described.

Finally, an assessment of the technique and the identification of the most likely application
areas is given.

1. INTRODUCTION

Currently available optical fibre waveguides can have low attenutations over a very broad
region of the spectrum extending from the visible, i.e. 0.5um, up to around 1.8um, almost two octaves
of frequency encompassing a total bandwidth of approximately 4.10'"Hz. Within such a large bandwidth,
a great number of channels can be accommodated by means of frequency division multiplexing (FDM) even
where channel separation is extremely large by conventional standards (1). The term "Colour Multiplexing"
is adopted to describe the technique and distinguish it from the use of subcarrier FDM with a single
optical source.*t

2. SOURCES AND DETECTORS

2.1, Detectors.

The silicon photodiode and its derivatives efficiently detect radiation from the U.V. to about
1.lum. The germanium photodiode extends the detection capability up to about 1.8um (2) but generally
suffers from a relatively large, noise generating dark current. New mixed crystal photodiode
technologies are emerging based upon Galn As (3), and Culn As/CdS (4), which detect in the region
beyond the silicon cutoff wavelength and yet have low noise, high speed and good quantum conversion
efficiencies.

242, Sources.

Both semiconductor lasers and light-emitting diodes (LEDs) are potential candidates for
colour multiplexing systems. Fast LEDs are available for a range of wavelengths from the visible up
to beyond lum using such materials as GaAs, GaAlAs, GaP, GaIlnAs (5), where the central wavelength is
to some extent programmable by the choice of the composition ratios. The large fractional bandwidth
of the LED (3-5%) would limit the number of channels to a maximum of about 20, other factors
notwithstanding.

The range of laser emission wavelengths for devices that can operate CW at normal ambient
temperatures is at present more restricted, although all the indications are favourable.§ The
associated narrow linewidths are desirable for colour multiplexing on the grounds of efficient
spectral filtering and channel isolation.

3. COLOUR MULTIPLEXING TECHNIQUES

Colour Multiplexing and demultiplexing can be accomplished by any one of several passive
optical elements including the grating, the prism, and the dichroic filter. Our experience is
currently restricted to the dichroic filter techniques which will now be described. :

The dichroic filter consists of a multilayer film deposited upon a transparent substrate
which separates incident radiation into two colour bands, one of which is transmitted and the other
reflected. Ideally, very little radiation is absorbed by such a filter, which is mounted at an angle
of 450 to the incident radiation in order to separate the incident power from the reflected power.
The arrangement is thus very similar to the design of a colour TV camera.

The spectral definition of a dichroic filter is sensitive to the angle of incidence and the
operation of such a filter is degraded if used with a highly converging or diverging radiation flux,
such as is normally associated with a fibre waveguide. The problem can be easily accommodated by the
use of auxiliary lenses such that the radiation incident upon the filter is in the form of a collimated
beam of relatively large diameter e.g. 2mm.

* Note, however, that no restriction to the visible region is intended
+ Some authors refer to the technique as "Wavelength Multiplexing"
§ E.g. paper 35 of this conference
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Whilst the dichroic filter is an efficient method of spatially separating two colour bands, it is
by no means adequate by itself to achieve desirable levels of crosstalk rejection. This can be
achieved by the addition of further filters in the receive channels. These additional filters can
be of the interference type or the absorption type but must efficiently transmit the required channel
wavelength whilst attenuating the other channel(s).

Similarly, it may be necessary to add filters at the souxce channel prior to multiplexing,
as for example in the case of a LED, the spectral emission skirts are very broad albeit at low levels,
and some devices are known to emit at a wavelength in addition to that specified/expected.

L, OPERATIONAL SYSTEMS
L1, History.

Our first colour multiplexed link was designed and constructed in 1975 and carried radar
video character information. The purpose of the link was to demonstrate that an optical link, in
addition to providing the well categorised advantages of electrical isolation, interference immunity
and reduced fire hazard, could also by virtue of its superior bandwidth replace several electrical
cables. It was not originally envisaged that colour multiplexing would be used; however, when the
design authority was offered the option of a dedicated clock channel (1), it was gratefully accepted
as a means of considerably simplifying the terminal electronics, reducing design and test costs, and
improving the system performance and versatility. The link was installed at the Admiralty Surface
Weapons Establishment, U.K., in 1976 and is performing satisfactorily.

During 1976 we constructed for demonstration purposes another link wherein the colour
multiplexing was arranged to provide a duplex facility i.e. one colour for each direction. In order
to emphasize the versatility of the technique, one channel was designed to carry baseband analogue
video for a CCTV system, whilst the other channel carries digital data. No crosstalk is discernable
in spite of the adjacence of transmitter and receiver at both terminals.

The experience gained from the production of these two links was used to develop the
commercial range of duplex secure communication links (SCL's). (6)

k.2, Technical details.

The terminals are designed as fully integrated units incorporated in a diecast box having
a single demountable optical connector. The box also contains two electrical connectors with separate
interfaces for full duplex (whera applicable) operation, the optical transmitter(s), the optical
receiver(s), the optical multiplexer, ani the power supply with a power input connector. An outline
system block diagram is shown in Fig. 1.

The terminals incorporate low-cost devices of high reliability, wide operating temperature
range and long lifetime. The optical transmitters are LEDs operating at 670nm (red) and 900nm
respectively. The receivers are p-i-n- silicon photodiodes with low-noise transimpedance
amplification. (7).

Demountable connectors are provided to enable ease of installation and maintenance. These
are based upon the lens coupler (8) within the shell of a standard electrical connector. The lens
coupler has a large area interface which ensures that the connector is relatively immune from the
effects of dust and grime. It also provides a good interface with the dichroic filter as illustrated
in Fig. 2.

5. USEFUL FEATURES OF COLOUR MULTIPLEXING

5.1, Freedom from format requirements.

This is probably the most useful feature of colour multiplexing. Frequently, the situation
arises where there is a requirement to transmit two streams of information which are not readily
compatible for multiplexing purposes without a significant investment in design analyses and hardvare.
As examples, one could cite two data streams with unrelated clock rates, or an analogue and a digital
signal such as CCTV and Telegraph, or two RF signals where no crossmodulation is to be permitted. In
these situations, colour multiplexing offers a simple solution.

82> Electrical Isolation

The electrical isolation that exists between terminals of an optical fibre link is well
appreciated. However, with the use of colour multiplexing, electrical isolation between information
channels can be maintained at both ends if required. This could apply to the earlier example where
separation between two RF channels is of paramount importance.

5.3 The power/bandwidth S/N advantage

Whereas using electronic multiplexing, the information channels have to share the total optical
power which is limited by radiance considerations, with optical multiplexing, the total optical power is
increased in proportion to the number of colour channels. The situation becomes even more interesting
if one recalls that the electrical noise power from a photodiode amplifier of low-noise design scales
with the cube of bandwidth. Thus if one compares S/N ratios given two similar information sources to be
multiplexed and a choice between colour multiplexing and electronic multiplexing, the ratio becomes
f:1 or 9dB. in favour of the former. This assumes that the electronically multiplexed link requires
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twice the bandwidth and that all LEDs involved deliver equal powers to the receiver. In general, the
S/N improvement is given by 30log)on dB where 'n' is the number of colour channels. Alternatively,
for a given 8/N ratio, the required optical power per colour channel is reduced by 15log)on dB.

5.4 The passive mux/demux element.

The use of a multiplexer that is passive i.e. consumes no power, and consists simply of a
multiple film on a glass substrate should ultimately be more reliable and cheaper than alternative
solutions employing electronics.

5.5 Reserve capacity.

Any optical waveguide installed is capable of supporting additional communications channels

of almost any form by means of colour multiplexing, without prejudice to its original and ongoing

functions.

6. SPECIAL APPLICATIONS

6.1, Duplex operation.

This capability has already been described. It should of course result in substantial cost
savings because of the halving of the cable requirement and the associated simplification of connectors.

6.2. Bandwidth expansion.

Over longer ranges where the dispersion of the waveguide limits channel capacity using a
single carrier, the waveguide capacity can be increased in proportion to the number of colour channels.

6.3. Dedicated clock.

This application has also been mentioned as a means of system simplification and consequent
cost reduction. It may be noted that the power needed for a clock channel is minimal, enabling low
radiance devices to suffice for this purpose. (1)

6.4, Highway control.

On an optical databus, a design option is to transmit data on one colour channel, whilst
using another colour channel for highway control, routing, timing etc.

0.5+ Highway multiplexing.

Different elements of a military system e.g. an aeroplane may require different highways with
different protocols. Thus one could envisage a weapons highway, a flight-control highway, a communi-
cations highway etc. By the use of colour multiplexing, all highways could share the same waveguide.

6.6. Line Integrity Monitor.

A dedicated colour channel could be assigned to monitoring the integrity of a link. This
feature could be designed in as part of a damage-adaptive strategy for fighting vehicles, aircraft and
ships. In a different field, it is of some significance in the design of secure communications links.

6.7 Instrumentation.

There is currently a considerable interest in the possibilities of using optical (non-
electrical) transducers for various instrumentation purposes in aircraft and other environments. The
impetus behind this interest is based upon the concept of compatibility with optical fibres and the
resultant benefits in terms of interference immunity, lack of spark hazard etc. The use of colour
coding enables the outputs from these transducers to be transmitted down a single optical channel
which is highly desirable. In these cases, the colour could be a direct analogue of the quantity to
be measured or colour channels could represent digital code channels.

1. CONCLUSIONS

In summary, it is evident that the components necessary for the implementation of colour
multiplexing are now available, i.e. the sources, the detectors, the filters, and the waveguide.
Furthermore, a standard two-colour link for simplex or duplex operation has been developed, based
upon the use of the dichroic filter in conjunction with the lens coupler.

Advantages of colour multiplexing include:

(a) Freedom from format constraints.

(b) Significant increase in S/N ratio.

(¢) Large reserve capacity for waveguides already installed.
(d) oOptical isolation between channels.

(e) Use of simple, passive mux/demux element.
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Potential Applications include:

(a) Single fibre duplex operation.

(b) Bandwidth expansion on dispersion limited links.
(¢) Provision of a dedicated clock channel.

(d) Provision of a line integrity monitor.

(e) Instrumentation coding.

(f) Highway control.

(g) Highway multiplexing.

It is the view of the author that many of the advantages and applications outlined will
introduce substantial cost and reliability benefits over alternative schemes and that the emergence
of colour multiplexing should heavily influerce the evolution of optical waveguide systems architecture.
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QUESTIONS AND COMMENTS .
ON SESSION 1

REVIEW AND ASSESSMENT OF FIBER OPTICS FOR MILITARY APPLICATION
H. Taylor

Dr. Sandbank: Please could you enlarge on your point that graded index fibers are
needed for shipborne data links - i.e. what is maximum path length, bandwidth, etc.?

Dr. Taylor: Links involved are roughly 1/2 Km long. Dan Altman of NELC showed that
graded index fibers are needed for the following reason: 1In order to minimize the
interface with the electronics the electrical carriers (FSK modulated) are directly
converted to light signal and their frequency extends from 41 MHz to 83 MHz.

FIBER OPTIC SYSTEMS FOR DEFENSE APPLICATIONS IN THE UK
B. Ellis

Dr. Stringer: You have described high bandwidth and digital optical fibers generally
for aircraft application. Do you see any objection to the application of the
technology to analogue tasks.

Dr. Ellis: I think fiber-optics is very well suited to the sort of application you
have mentioned.

Dr. Magne: About the Army application presentation slide: are the fiber optics cables
supposed to be lost after a move of the tactical communications network?

Dr. Ellis: No. It is anticipated that the fiber cables would be recovered.

Dr. Elmer H. Hara: (1) You mentioned 100 uW launched into the fiber. Do you think
this could be increased to, say, 0.5 mW in the future? (2) Have you made any
measurements on the linearity of the LED?

Dr. Ellis: (1) I would be surprised if we could get much more than 100 uW from a
400 MHz device. It must be realized that 100 uW is already quite an impressive
figure for a device of this speed and is quite adequate for most application.
(2) Some preliminary measurements of non-linearity have been made but it would
be premature to give details.

Dr. P. D. Baker: Reference has been made to the use of fiber optics in avionics; the
engine is also part of an aircraft in addition to the fuselage. A fibre optic
mounted upon a jet engine experiences the extremes of environmental temperature
-50° to greater than 300°C (570°F), and vibration levels in excess of 20g; it should
also be capable of providing a hand hold! A fibre optic functioning under these
conditions is expected to have a life well in excess of 1000 engine operating hours.

A REVIEW OF NASA FIBER OPTIC TASKS
A. R. Johnston

Dr. H. Beger: (1) Have you observed or do you expect at higher radiation levels
disturbances by scintillation effects in the fibers? (2) Shielding of fibers
against space radiation may help only against low energy radiation.

Dr. A. R. Jonston: (1) We feel that scintillation errors will be very unlikely.
However, the LOEF orbital experiment will be set up to detect errors of this type
if they occur. (Comment by Dr. Maklad of ITT Roanoke: The light from scintillation
is broad band and ~an be effectively discriminated against with an appropriate
filter.) (2) Yes, shielding cannot be expected to lower the radiation dose on a
fiber except for the very low energy portion of the radiation spectrum. For earth
orbit applications, significant shielding is expected from typical spacecraft
structure. &

FUNDAMENTAL MODE SIGNAL TRANSMISSION IN SINGLE AND MULTIMODE FIBRES
H. G. Unger

Dr. Clarricoats: Does your theory apply to moderate v-value fibres?

Dr. Unger: The present theory for fundamental mode propagation in perfect and imperfect
fibres, and for signal loss and distortion in this mode applies for any v-values for
which the fibre guides this mode. It lumps all higher order modes into a quasi-
mode, however, and is hence not suited to study multi-mode signal transmission.
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BEAM EVOLUTION ALONG A MULTIMODE OPTICAL FIBER
L. B. Felsen, S. Y. Shin

Unger: 1Is the lateral Goos-Hahnchen Shift, which is being contemplated recently
related to the lateral component of beam shift that has been discussed in the paper?

Felsen: The ray and beam shifts in the paper, as developed for curved boundaries,
are new but they do relate to the transverse lateral shifts on plane boundaries
discussed in some recent literature. However, various published results for both
the longitudinal and transverse shifts are not in agreement with one another. The
discrepancies can be traced to different ad hoc assumptions built into the analyses,
which lead to inconsistencies in some instances and to incorrect models in others.
We have recently examined the entire subject of lateral ray and beam shifts within
a rigorous framework based on the solution of the electromagnetic boundary value
problem when a ray field or beam field impinges upon an interface separating two
different media. We have established criteria for conditions that permit the
reflected beam to be interpreted as originating from a shifted position on the
interface, with a phase center displaced from the location of the shifted image
point of the incident beam waist. The simple formulas for the beam shifts, which
we have derived, are further justified by the fact that they lead to the correct
conversion of multiply reflected ray and beam fields into modal fields when an
incident ray or beam is reflected repeatedly at the boundaries of a planar or
fiber waveguide; omission of the lateral shifts, or use of shifts different from
ours, yields an incorrect dispersion equation for the guided modes. These results
are contained in a forthcoming paper by S. Y. Shin and L. B. Felsen, "Lateral Ray
and Beam Shifts at an Interface Separating Two Media," to be published in the
Special Issue of Radio Science devoted to Intecrated Optics and Optical Fiber
Communication.

TESTING OF TENSILE STRENGTH OF OPTICAL FIBER WAVEGUIDES
C. K. Kao, M. Maklad, J. E. Goell

F. S. Stringer: Have you looked at flat cable flexing?

Maklad: No, we have not studied flat cable flexing. However, the strength of the
flat cable is expected to be similar to that of a single fiber. An adverse
effect on fiber strength would be possible if fiber crossover is present in the
cable configuration.

Gordon L. Mitchell: How do you grip fibers? We have hard problems with short
(high strength) fiber samples pulling out of grips, eve.. when they are cemented in.

Maklad: Each fiber end is wrapped around the spool once and then taped. This
method provided enough traction to prevent fiber slippage.

COLOUR MULTIPLEXING TECHNIQUES AND APPLICATIONS IN OPTICAL WAVEGUIDE LINKS
D. A. Kahn

Elmer H. Hara: (1) In your duplex link what optical power isolation did you
achieve? (2) What coupling efficiency did you achieve from your light source to a
fiber using the dichroic filters and lenses?

Kahn: (1) The crosstalk between the channels was not evident and I would estimate

it to be no more than -40 dB (optical) and probably never -60 dB. (2) The
additional loss (at a receiver) introduced by the lens, the dichroic filter and

the blocking filter is estimated at between 1.5 and 2 dB, largely caused by

Fresnel reflections. (A similar figure applies to the transmitter terminal.]

None of the components had antireflection coatings. The overall coupling efficiency
is otherwise essentially radiance limited.

A. G. Glowe: Could you comment on the ability of the technique to handle the
military temperature range? Presumably the sources would have to be tracked by
the dichroic filters.

Kahn: Dichroic filters are robust elements that can sustain the military temperature
range. For most of the system applications which I described, ouly two or three
"colour" channels are required and consequently the band separation can be very
large, thus making the effect of source or filter drift of no consequence. For
example, on the two systems developed by Plzssey, the two wavelengths are 670 nm
and 900 nm respectively.
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Summary of Session I
OVERVIEW

by
F. S. Stringer

Session Chairman's Comments

1.

This session, particulary papers 1-5 inclusive, provided an encouraging indication
that optical fibre technology can achieve already most of the capabilities of
conventional conductor techniques, but with very attractive and additional
advantages. It is noteworthy that cost wes considered only fourth in order of
importance and cost was mainly relevant to civil aviation needs. Protection from
EMI, better handling of multiplex digital systems, with weight and space saving
offered the most attractive advantages. Examples shown for aircraft applications
were dramatic.

New components offer many novel techniques to obtain star and tee joints, couplers
and filters. It is evident a lot more work is needed however before rationalized
standards can be achieved.

Useful information is now available on the subject of performance loss when cables
are subjected to radiation from nuclear sources. Only broad information was
available to the conference.

Marine applications, particularly for underwater purposes, were covered and the
presentations pointed to a lot of work which has been done already. Though
considerable care is needed to design for high resistance to stress and weight
problems, recent advances in high strength cladding are of interest.

The presentations on fundamental theory should prove helpful, particularly the
methods of using, or in some cases removing, multimodes. The discussion on tensile
strength of optical fibres had obvious and useful application to the remote control
of equipment and to avionics systems connections which are subject to flexing.

Questions were limited to two or three per lecture, not due necessarily to timing,
but apparently to a reticence on the part of delegates generally. Those questions
which were asked however demonstrated a genuine specialist interest. It was
evident from the questions that the conference was not regarded as a forum for
elementary education on the subject, but it was of interest to specialists in the
field.

The interest in colour multiplexing should be intense, since it offers an increase
from iurrent state of the art bandwidths of up to 106 - 107 Hz to a new upper limit
of 1014 Hz. Silicon detectors were mentioned, also mixed crystal detectors. The
potential is available for the application of LEDs for colour systems. Lasers are a
suitable alternative and l!ichroic|fibers are an interesting innovation. The integrity
of system data transmissj )n may enhanced considerably by the introduction of
colour. It is a pity th ¢ the supject was not treated in more depth, but it is to

i

be hoped more will be s id about it in t. e final discussion period.

!
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AN EXPERIMENTAL OPTICAL-FIBER LINK FOR THE
COMMAND AND CONTROL SYSTEM 280

Elmer H. Hara and H.Claire Frayn
Communications Research Centre, Department of Communications
Ottawa, Ontario, Canada K2H 8S2

SUMMARY

The development of an experimental optical-fiber link for the Command and Control
System (CCS-280) for the DDH-280 Destroyer Escorts of the Canadian Navy is described.
The objective of the task was to demonstrate the viability of optical-fiber transmission
systems in“CombBat action data systems such as the CCS-280. The experimental optical-
fiber link, located between two Situation Display Consoles, consisted of 31 channels
transmitting the digital signals between the two Consoles. Single optical fibers were
used for each transmission channel, some of which carried time division multiplexed
signals at a maximum bit rate of 10 Mb/s. The optical fibers were enclosed in an
armoured sheath to form a cable of approximately 2.5 cm in diameter and 4 m in length.

Experimental trials were carried out on a land-based CCS-280 at the Canadian
Forces Fleet School in Halifax, Nova Scotia, Canada. When acceptance tests established
for the CCS-280 itself were applied to the optical link, the tests were satisfied with
zero defects and the optical link performed satisfactorily under simulated combat condi-
tions.

L. INTRODUCTION

The Communications Research Centre (CRC) of the Department of Communications (DOC)
was asked early in 1973 by the Action Information Systems Section of the Directorate of
Maritime Combat Systems (DMCS-7) of the Depa:tment of National Defence (DND) to address
a connector breakage problem in the cable system for the Command and Control System 280
(CCS-280) of the DDH-280 class destroyer escorts. Because the cables carrying digital
signals were large and stiff, movement during maintenance of the terminals linked by
these cables often placed stress on the connectors sufficient to break some connector
pins. Such breakage could severely reduce the combat readiness of the destroyer escort.
The possibility of using an optical-fiber link to solve the problem was suggested by
DND.

After the problem was studied, it was concluded that the breakage could be avoided
by conventional remedies such as:

(1) redesign of the cable clamping structure on the connector casing so that the
cable is securely clamped and the mechanical strain is borne fully by the
protective outer casing of the cable,

(2) development of a cable comprised of mucli smaller individual coaxial cables
(e.g. RG-178u) which would be lighter and more flexible, and

(3) development of a multiplex-demultiplexing system to reduce the number of
transmission channels.

These conclusions were discussed with DMCS-7, who confirmed that a new cable
clamping design and a multiplexing system were under consideration. Although the new
clamping design was well underway, the multiplexing system was not progressing well
because of prior commitments to other tasks. It was then pointed out that a major inter-
est of DMCS-~7 was to demonstrate the application of optical-fiber links as alternatives
to coaxial-cable systems because of the inherent advantages of optical fibers such as
the immunity to electromagnetic interference (EMI) and radio frequency interference (RFI)
and the elimination of ground loop problems. An optical-fiber solution to this particular
problem would serve to alert and inform armed forces personnel of the advantages of
optical-communications technolcgy in military systems. In particular, the viability of
optical-fiber links in military applications would be demonstrated by a successful oper-
ation of such a link in a combat action data system surh as the CCS-280 where complex
digital signais ranging from near DC to megabit-per-second pulse rates with fast rise
and fall times and critical timing relations are required. For these reasons, the CCS-280
Optical Link Task was formally approved by DOC and DND in October 1973. The Task was
completed in January 1976 with the installaticn and successful operation of the experi-
mental optical link in the CCS-280 located at the Canadian Forces Fleet School in Halifax,
Nova Scotia, Canada. This renort summarizes technical aspects of the Task.

\

2. OF'TICAL-FIBER LINK

L#r.blc 1 lists the two major contracts issued for the Task. The prime contractor
Litton Systems (Canada) Ltd. who was charged with overall responsibility of the Task
while Bell-Morthern Research Ltd. (BNR) was contracted to supply the optoelectronic
components. The BNR design based on the single-fiber-per-channel approach was chosen over
the usual bundled-fiber designs because it would provide a smaller cable and it was felt
that the single-fiber design would become the standard in the future.




TABLE 1

TASK_CONTRACTS

1. Prime Contract ($97,500.00)

Contractor:

Litton Systems (Canada) Ltd., Rexdale, Ontario Canada
Requirements:

To design, construct and test the optical link by

i) designing and fabricating the multiplexing and demul-
tiplexing units,

ii) testing and debugging the multiplexing and demultiplex-
ing units through a hardwire link,

iii) integrating the optoelectronic units into the system,
iv) testing and debugging the optical 1link,

v) installing, testing and debugging the optical link at
the Canadian Forces Fleet School in Halifax, and

vi) providing technical assistance during the Acceptance
Tests.
COMPLETED, January, 1976.

2. Optoelectronic Components Contract ($63,000.00)

Contractor:
Bell-Northern Research Ltd., Ottawa, Ontario, Canada.
Requirements:

To design, construct and test optoelectronic components
consisting of 32 sets of

i) transmitter units whicl contain

a) LED drivers with TTL compatible input,
b) Burrus type LEDs,
c) fiber couplers, and

ii) receivers units which contain

a) fiber couplers,

b) PIN photodiodes, and

c) post detection amplifiers with TTL compatible
output.

To design construct and test and optical fiber cable 4 m in
length containing a minimum of 31 transmission channels.

COMPLETED October, 1975

2.1 Combat and Control System 280

A block diagram of the CCS-280 display system is shown in Fig. 1. The Situation
Display Consoles (c.f. Fig. 2) are connected to the computer through the electronic marker
generator (EMG). Each Situation Display Console (SDC) has a large cathode-ray tube (CRT)
that displays the combat situation and a small CRT that displays file information. An
operator monitors the displays and provides input to the central computer for action.
An analogue and digital signal cable system interconnects the SDCs in "daisy-chain" fashion.

For the experiment, the digital signal cable between SDCs No. 5 and No. 6 was
replaced by the optical-fiber link. By choosing the last link in the sequence of SDCs,
disconnection of the optical-fiber link for fault location was facilitated.

The multiplicity of connections to an SDC is clearly seen in Fig. 3. Each SDC
has attached to it an input and an output digital plug along with analogue and other
cables. Each digital cable plug combines two 78-pin connectors, and terminates two 1.25"
diameter cables and 14 copper wires. Among the 54 lines that are used actively, there
are 32 bidirectional data lines. A close-up of the input and output digital plugs is
shown in Fig. 4.

2:2 Optical-Fiber Transmission System

Since bidirectional optical-fiber links were impractical to construct, time division
multiplexing (TDM) was used to reduce the number of data lines to 10 (5 in each direction).
The control lines were not multiplexed because of the random nature of their pulse timing.
Table 2 summarizes the functions of the resulting 31 optical transmission lines.
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TABLE 2

NUMBER OF OPTICAL TRANSMISSION LINES

Function Optical Transmission
Lines

Output Data/Parity
Output Controls

Symbology Output 10
Reset, Synchronization 3
Input Data/Parity S
Input Controls 1
Light-Pen Interrupt A

Total 31

Examples of the pulse timings for the optical-fiber link are shown in Fig. 5. A
clock rate of 10 Mb/s was chosen for the multiplexing and demultiplexing (MUX/DEMUX)
system in order to take advantage of the readily available transistor-transistor logic
(TTL) technology. Although the maximum bit rate was set at 10 Mb/s, rise and fall times
of 10 ns were required to preserve the relative positions of the leading and trailing
edges of the critical timing pulses. The stringent timing condition also dictated that
the skewness between any two lines be less than 20 ns. The required characteristics of
tlie input and output pulses of the optoelectronic units for data transmission are shown
in Fig. 6. Due to the random nature of the control pulses of the CCS-280 where certain
lLogic states are maintained for periods in excess of 100 us, the optoelectronic system
was required to be not only TTL compatible, but also DC coupled. The electronic specifi-
cations for the optoelectronic system are listed in Table 3.

TABLE 3

ELECTRONIC SPECIFICATIONS FOR THE OPTOELECTRONIC UNITS

Maximum bit rate 10 Mb/s
Rise and fall times <10 ns
Error rate <1 in 10° bits
Skewness between any two channels $20 ns

DC coupled, TTL compatible

The general assembly of the optical link is shown in Fig. 7. The optoelectronic
components are housed with the MUX/DEMUX system in two cabinets, as shown. The coaxial-
cable transmission system is terminated at a junction box (J-box) contained in the coax-
fiber-interface cabinet. A functional diagram of the multiplexed optical link is given
in Fig. 8.

2.3 Optoelectronic Components
Figure 9 shows a transmitter and receiver pair, along with a short optical fiber

used for testing the units. A circuit diagram for the transmitter unit is shown in
Fig. 10 and the characteristics are listed in Table 4. A potentiometer (R1 = 10 k) was

TABLE 4

TRANSMITTER UNIT CHARACTERISTICS

Input TTL Compatible

Peak emission wavelength 830 nm

LED maximum dc current 60 mA

LED maximum peak current 100 mA

(1 us pulse, 10° pps)

Light turn-on and turn-off time <10 ns

(10 - 90%)

Power supply requirements +12 V£ 0.1 Veo9m

(@ max. LED current of 60 mA)
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TABLE 4 (continued)

Electrical connector

Optical output connector

Dimensions

Operating ambient temperature range

Mates with edgeboard connector,
0.100" centers (e.g., ITT Cannon
G05 D16A2BA3L)

Single-fiber bulkhead connector
jack (BNR C-10)

0.9" x 2" x 2"
+10° to +40° C

provided to allow adjustment of the bias current through the light emitting diode (LED).
Figure 11 shows the circuit diagram for the receiver unit and Table 5 lists the charac-

teristics.
signals.
specifications was not demanded.

TABLE 5

RECEIVER UNIT CHARACTERISTICS

Photodetector
Electrical output

Output rise and fall time
(0.8 - 2.0 V)
Power supply requirements

Electrical connector

Optical input connector

Dimensions

Operating ambient temperature range

BNR D-5-2
TTL compatible

<5 ns (output terminated with a
TTL gate)

+12 V #25 mV @ 60 mA
-5V 250mV @ 10 mA

Mates with edgeboard connector,
0.100" centers (e.g., ITT Cannon
G05 D16A2BA3L)

Single-fiber bulkhead connector
jack (BNR C-10)

0.9" x 2" x 2"
+10° to +40° C

Interstage coupling is DC to provide compatibility with the CCS-280 control
Since the optical link was an experimental development, adherance to MIL

The optical cable is 4 m in length and contains 31 active lines plus 1l spares.
The cable could have been 100 meters or longer without an alteration in the basic design
of the optical link. The optical fiber characteristics are listed in Table 6 and the

Fiber attenuatio
Numerical aperat
Core diameter
Fiber 0.D.
Plastic jacket O
Tensile strength
Minimum bend rad

radius

FIBER CHARACTERISTICS

TABLE 6

n
ure

.D.

ius

Minimum recommended bend

<50 dB/kM @ 830 nm
0.19

60 um

150 um

0.9 mm

60 newtons

3 mm

1 cm

cable characteristics are given in Table 7.
increased the fiber loss but the performance of the system was not affected.

The cable fabrication process obviously

A total of 34 fibers were terminated with single-fiber bulkhead connectors. The

physical dimensions of a connector are given in Fig. 12.
pulated and no difficulty was encountered by personnel unfamiliar with optical-fiber

technology.

2.4 Mechanical Configuration

The cabinet containing the optoelectronic units, MUX/DEMUX system and power
The plug-in box on the front panel is a termination unit
The optical cable is connected to the right of the cabinet and

supplies is shown in Fig. 13.
for the coaxial cables.

the individual optical fibers can be seen at the centre of the figure.

The connectors are easily mani- 3
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TABLE 7
ARMOURED CABLE CHARACTERISTICS
Cable attenuation 200 dB/km @ 830 nm
Number of fibers 42
Number of fibers terminated 34
with connector plugs
Length of fibers 4.8 m
Length of flexible conduit 4 m
Cable 0.D. 2.2 cm (0.85")
Bulkhead mounting hole diameter 1.9 cm (0.75")
Minimum bending radius 15 cm

Figure 14 shows the array of optoelectronic units in position. The layout of the
optical fibers from the optical cable on the right to each optoelectronic plug-in unit can
be seen. The cage at the lower righthand side of the figure contains the MUX/DEMUX system.

When independent testing of the MUX/DEMUX circuitry was required, the optical-
fiber system could be temporarily replaced by a hard-wire (twisted wire pair) cable, 1 m
long. Figure 15 shows the test cable interconnecting the two cabinets. The plug to the
optoelectronic system is seen disconnected on the lefthand side of the figure. The black
cable curving upwards from right to left in the figure is the optical cable.

3. OPTICAL-FIBER LINK PERFORMANCE

The optoelectronic components were first tested independently. Some typical
waveforms are shown in Fig. 16. Table 8 lists the results of the acceptance tests for
the optoelectronic components. The electronic specifications were easily met by the
optical system.

TABLE 8
OPTOELECTRONIC ACCEPTANCE TESTS
Plug-in
Units Output Pulse Rise Pulse Fall
Tx/Rx Pulse Transmis- Error Time Time
Serial Width sion Delay in 10° 0.7V - 2V) (2V - 0.7V)
Numbers (ns) (ns) Pulses (ns) (ns)
1/1 48.5 85 0 4 3
2/2 52 85 0 5.5 3
3/3 54.5 80 0 5 3
5/5 48 94 0 35 4
6/6 50 88 0 5 3
7/7 51 86.5 0 3.5 3.5
8/8 54.5 85 0 4.5 4
9/9 5545 80 0 4 3
10/10 54 82 0 4 4
11/11 54 82 0 4 3
15/15 51 88 0 4 4
16/16 50 81 0 4 3
18/18 48.5 82.5 0 5 3
19/19 50 83 0 3.5 4
20/20 51 85 0 4 5
21/21 46 84 0 4 3
22/22 50 81 0 3.5 3
24/24 51.5 84.5 0 4 4
25/25 52 78 0 4 3
26/26 59 80 0 5.5 4
27/27 53 85 0 4 5
28/28 55 80 0 3.5 3
29/29 53 81 0 4 3
30/30 55 80 0 3.5 3
31/31 45 92 0 4 3
32/32 45.5 93 0 3.5 3.5
33/33 55 86 0 4 3
34/34 52 84 0 5 3
36/36 50 92 0 4 4
37/37 57 83 0 4 3
38/38 56 80 0 4 3.5
40/40 50.5 84 0 3.5 3
41/41 48 87 0 4.5 4
42/42 52 84 0 5 3
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The link was installed between SDCs No. 5 and No. 6 at the Canadian Forces Fleet
School, Halifax, Nova Scotia, Canada and subjected to a stringent test based upon the
original acceptance tests for the CCS-280 itself. All criteria were met without defects.
A combat situation was also simulated and no distinction could be seen between SDC
No. 5 and SDC No. 6.

4. CONCLUSIONS

The CCS-280 Optical Link Task has demonstrated that optical-fiber transmission
systems can be used effectively in action data systems where complex digital signals
ranging from DC to 10 Mb/s, and with fast rise and fall times of about 10 ns, are trans-
mitted. The single-fiber-per-channel design was shown to be satisfactory and no dif-
ficulties were experienced in handling the optoelectronic components during installation
and tests. Multiplexing of the data lines was accomplished despite the stringent timing
requirements imposed by the CCS-280.

The demonstration link was designed to be connected externally to the existing
components of the CCS-280, in order to allow the system to be returned conveniently
to its original‘'state. A considerable simplification of the cable system could be
accomplished by integrating the‘'optical link into the overall system design.

The expected spin-off from contracting the development and installation of the
optical link to private industry was also realized. The contract with BNR contributed
in part to their development cf optoelectronic system components. Experience and
familiarity gained by LSL in the application of optical-fiber transmission systems has
provided a bisis for their involvement in future optical~-link projects. Applications of
optical-communications technology to military communication systems are expected to
increase in the coming years. 1In view of their many advantages, such as immunity to EMI
and small size, optical-fiber transmission links will no doubt be considered in applica-
tions such as the transmission of radar-video and sonar signals, and transducer signals
generated by temperature, pressure, rpm and volume sensors, as well as in action data
systems.

i The CCS-280 Acceptance Tests are considered to be classified information.




CMPTR
(A GENERAL PURPOSE DIGITAL COMPUTER)
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EMG
(COMPUTER CONTROLLED ELECTRONIC
MARKER GENERATOR)

ﬁt

T

EMGT
(MANUALLY CONTROLLED TEST
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SDC 1
(SITUATION DISPLAY CONSOLE)
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DDI 1
DIGITAL DATA INDICATOR]
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Figure 1 Block Diagram of the CCS-280 Display Subsystem

T

T2

DIGITAL SIGNAL CABLE
/

| ANALOGUE SIGNAL CABLE

An analogue and digital signal cable system was used in the CCS-280.




Figure 2 Situation Display Consoles

Three Situation Display Consoles located at the Canadian Fleet School

are shown. The consoles have 12" diameter and 5" (diagonal) cathode ray
tubes.

Figure 3

SDC Interconnecting Cables

The two digital coaxial-cable plugs are seen on the righthand side.
Two grounding straps are located next to the digital plugs. The two
analogue-signal cable plugs are on the lefthand side.
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Figure 4 A Close-Up of the CCS-280 Digital Coaxial Cable
Two cables each containing 35 coaxial cables are connected to a single
plug. The photograph shows two plugs aligned vertically at the back of the

EMG.
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An example of timing relations between various signals is shown.
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TO OPTIC INTERFACE

DATA

cLoOCK

DATA

FROM OPTIC INTERFACE

DATA

Figure 6
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08V — —
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Timing Requirements for the Optoelectronic Units
The rise- and fall-times are less than 10 ns. "Skewness" between any

two channels is less than 0 ns.
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Figure 8 Functional Diagram of the Optical-Fiber Link
Only the 32 data lines were multiplexed to 10 lines, 5 lines in each

direction.
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Figure 9 Ooptoelectronic Plug-In Units
The fiber connectors are disconnected. Dimensions of the cases are
0.9" x 2" x 2". The transmitter is on the lefthand side. A stud-mounted
light-emitting-diode (LED) is used in this example. The CCS-280 units
used LEDs mounted in TO-18 transistor headers.
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Figure 10 Schematic Diagram of Transmitter Unit
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Figure

13 Optical Link Cabinet
The cabinet dimensions are approximately 12" x 34" x 56".

Figure 14

Optoelectronic Plug-In Units
The units are housed in a large cabinet in order to avoid difficulties
that may arise in a closely packed system.
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Figure 15

Hard-wire Test Cable for the MUX/DEMUX System
The cable consists of twisted copper wire pairs.
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Figure 16

Input and Output
18 Y

Typical Input and Output Waveforms of the Optoelectronic Units
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MULTICHANNEL FIBER OPTIC SONAR LINK (FOSL-1)

Frederick C. Allard
Norman S. Bunker
Naval Underwater Systems Center
New London, Connecticut 06320
U.S.A.

SUMMARY

During the past year, a fiber optic transmission line was designed, built and tested at sea in an
operational sonar system. This inboard transmission line conducts 52 channels from a preamplifier
bank to a beamforming section. Plastic fiber optics is used in a 61-channel cable. Optical connectors
are utilized at two levels. Commercially available electro-optical components are employed in the line
driver and line receiver designs to achieve wide dynamic signal range with low distortion at low cost.

The transmission line, designated FOSL-1 (Fiber Optic Sonar Link-No. 1) was designed as an initial
step toward a military-qualified subsystem. The utilization of established technologies, the modular con-
struction and ease of maintenance allow for extended '"hands off' operation by sonar technicians who are
not specially trained for fiber optics.

1. INTRODUCTION

During the past year, the New London Laboratory of the Naval linderwater Systems Center installe

fiber optic sonar link onboard a naval vessel for subsequent testing at sea. The link was installed, gs
shown in figure 1, within the hull connecting a preamplifier cabinet with a beamformer cabinet. Two imme-

diate objectives of this 52-channel installation wcrs to demonstrate:
(a) the specified, stringent performance capability,
(b) the survivability of the link outside the laboratory.

FOSL-1 was less a technological challenge than an engineering challenge, since an implicit objective
was to use the minimum number of minimum cost components in constructing a fiber optic link with an
extremely wide, linear dynamic signal range. FOSL-1 thus provides a vehicle for assessing the relevance of
current fiber optics in an analog sonar system context.

3. LINK DESCRIPTION

FOSL-1 is comprised of 52 parallel channels, each consisting of a line driver, fiber optic bundle,
and line receiver as shown in figure 2. The input to each fiber optic channel is a preamplified hydrophone
signal. The amplitude of the input analog signal determines the instantaneous output frequency of the
voltage controlled oscillator (VCO). The VCO generates a frequency-modulated (FM) square wave which, in
turn, modifies the output of a red light-emitting diode (LED). The LED radiates into its assigned fiber
optic channel. At the line receiver, 11 m away, a given fiber optic bundle is read out by a hybrid
detector/operational amplifier that retrieves the FM signal for subsequent demodulation by a phase lockad
loop (PLL). The output of the PLL is conditioned by a two-pole active filter to provide a faithful
reproduction of the original analog input.

This link operates with an FM bandwidth of 40 kHz for handling an 8.5 kHz analog signal bandwidth
while achieving a dynamic signal range in excess of 100 dB. The line driver optical signal is derived
from a wideband FM electrical signal; the detector bandwidth and PLL lock range are compatible with a
narrowband FM signal. This format provides a maximum signal-to-noise ratio while maintaining low distortion
over the range of most-likely occurring signal levels. Total harmonic distortion is 1.0% maximum and
decreases as a function of input signal level,

Cost was an important consideration in the design of FOSL-1. The current cost per channel for
electro-optical components is $91.00. This figure includes electronic components, card guides, power
supplies, enclosures, etc. Last year's cost for the custom connectorized fiber optic cable assembly was
$164.00 on a per channel basis. Today's cost for the cable materials and connectors would be about $40.00
per channel.

2.1. Plastic Multichannel Cable.

Having previously demonstrated a multichannel capability in the laboratory (ALLARD, F. C., 1976)
2 primary concern was survival of the fiber optic cable — particularly with respect to strain relief at
connectors — onboard a ship. Plastic fiber optics was chosen for its clearly superior mechanical
reliability.
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The plastic bundle of choice duPont PFX 0715 (now designated PFX P740), contains 7 polymer-clad
methylmethacrylate fibers within a polyethylene jacket. The active diameter of each fiber is 400 um
with a numerical aperture of 0.53. The composite 7-fiber diameter is 1.12 mm, resulting in a packing
fraction of 0.78. Attenuation is 470 dB/km at 656 nm.

Sixty-one of the PFX bundles are jacketed within an asbestos tape-wrap sheathed with fluorocarbon
tubing to provide a measure of flame and heat resistance. The tape that was chosen was made from selected
asbestos fiber in a process designed to meet requirements of the Occupational Safety and Health Act (OSHA).

The 61-channel cable, with an overall diameter of 23 mm, was bifurcated at each end and terminated
with pairs of modified electrical connectors as shown in figure 3. While the at-sea test only required
an 11 m cable, lengths up to 65 m are possible using the PFX 0715 fibers. The connectors each have a
31-channel capacity and are shown in figure 4, where the mating panel-mount receptacle is shown to the
left. These Deutsch connectors are of the miniature bayonet style, utilizing standard inserts. Clearance
holes in the No. 16 contacts represent the only accommodation to fiber optics. The contacts utilize a
retention clip. Once the optical fiber(s) are epoxied in the contacts and the ends polished, the termi-
nated bundles are attached to the connector shell in exactly the same manner — and with the same plastic
tool — as an electrical cable. Although the direct substitution of fiber optics for wire may not yield
an optimum connection, it does yield a serviceable connection that proved to be reliable and relatively
trouble-free.

The cable mount connector contains seven PFX 0715 fibers in each pin, whereas the panel-mount
receptacle contains a single 1 mm diameter Crofon fiber. The jacketed Crofon fibers form flying leads
within the transmitter and receiver enclosures at each end of the cable.

The intent of mating a single 1 mm strand to a 7-strand bundle having a combined diameter of 1.1 mm
was to minimize the coupling losses inherent in a bundle-to-bundle connection. An empirical analysis
verified that a Crofon-to-PFX-to-Crofon configuration reduced transmission loss by 2.5 dB compared to
a PFX-to-PFX-to-PFX cable configuration. The total attenuation of the cable assembly — from LED to detector —
is 15 dB. This figure includes connector losses but does not include insertion loss at the LED.

& ds Line Driver.

The fiber optic sonar link was engineered as a retrofit to the host sonar system. In this context,
signals are extracted from the sonar preamplifier and conducted via shielded, twisted-pair wires to a fiber
optic line driver cabinet shown in figure 5. Fifty-two circuit boards — one for each sonar channel —
are contained within a cabinet measuring 61 cm x 33 cm x 13 cm (with no attempt at miniaturization). Note
that the optical connectors to the left in figure 5 contain one-third as many conductors as the electrical
connectors to the right, for the same channel capacity.

The line driver circuit shown in figure 6 is deceptively simple. Of the 13 components shown,
9 serve the driver function directly, whereas the remaining components provide for power supply decoupling.
Functionally the incoming signal determines the frequency generated by an Intersil 8038 voitage controiied
oscillator (VCO) chosen for its low distortion and minimal associated external circuitry. The square wave
output stage of the VCO has insufficient current sinking capacity to drive the LED directly, however, thus
requiring a transistor drive stage. The LED current, limited to 25 mA peak, follows the FM waveform
generated by the VCO.

The VCO is the first active element in FOSL-1. Its free-running (i.e., zero voltage input) fre-
quency should be consistent from channel to channel, since this determines the operating point for the
phase locked loop in the line receiver. Tests of 60 VCO's using the same external frequency-determining
components yielded a 6 kHz spread about a mean free-running frequency of 48 kHz. This amount of vari-
ability necessitated a hand selection process to match a VCO to a given circuit board. In this manner the
frequency spread was reduced to 2 kHz.

The FM "beta" is 13 at a test frequency of ! kHz, meaning that the VCO output frequency ranges
from 35 to 61 kHz for a maximum amplitude 1 kHz signal.

A simple transistor inverter couples the VCO square wave output to the red LED, a Fairchild FLV104.
The domed epoxy encapsulation was ground down and faceted to allow close coupling of the Crofon lead. Out-
put power of the LED's varied almost 300% in a sample of 75 faceted LED's and was attributed to variable
conversion efficiency in the LED chip itself.

Variation in chip centering relative to encapsulation was compensated by centering the chip within
the AMP plastic connector bushing. The LED was held in place with an electrically insulating, heat-
conductive staking compound. The AMP bushing itself was epoxied to the circuit board and provided the
receptacle for the plastic AMP ferrules with which the Crofon leads were terminated.

2.3. Line Receiver.

The line receiver accepts optical signals from the fiber optic cable and restores the original
analog electrical waveforms, which are then conducted via shielded, twisted-pair wires to the sonar
beamforming cabinets. The line receiver cabinet is directly comparable to the line driver cabinet shown
in figure 5, containing individual circuit boards for each of the 52 sonar channels.

An individual line receiver board is shown in figure 7. More elaborate than the line driver, it
provides additional possibilities for gain and phase variations from channel to channel. Concern for
uniformity begins at the detector, a Devar 529-2-5 hybrid detector/transimpedance amplifier. This hybrid
is packaged in a TO-5 can which is located within an AMP plastic bushing. The bushing is epoxied to the
circuit board and mates with a Crofon lead (also shown in figure 7).
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A detector area of 5 ..2 was chosen to ensure maximum collection efficiency by reducing alignment
problems. As with the LED, close coupling of the detector and the Crofon lead is sufficient. No lenses
or index matching fluids are used anywhere in FOSL-1.

The decision to operate the detector photoconductively, based on the performance of several hybrid
units led to an unexpected engineering challenge. Devar, as it turns out, does not control the frequency
response characteristics of this device in the photoconductive mode. Additional frequency rolloff compo-
nents to correct this situation would have unnecessarily restricted the device bandwidth (HAMSTRA, R. N.,
and WENDLAND, P,, 1972). Subsequent procurements from Dever yielded devices whose frequency response
characteristics varied significantly from those of the test sample. The problem was further aggravated by
the decision to provide only +15 V power in FOSL-1 for economic reasons.

The output of the Devar unit is coupled to an NE 565A phase locked loop. The phase transfer charac-
teristics of the detector/amplifier — PLL combination are sufficiently variable as to require compensa-
tion, particularly at the higher input signal frequencies.

The FM conversion efficiency is also variable from one PLL to the next, mainly because the PLL gain
is established by internal components that are loosely specified (20%). A filter-buffer stage serves to
control gain and eliminate carrier harmonic feedthrough. This stage, with a nominal gain of 2, has the
transfer characteristic of a 2-pole Butterworth filter.

Since one of the performance objectives of FOSL-1 was uniformity of transfer characteristics from
channel to channel, a Monte Carlo analysis was used to determine a method for selecting filter components.
The characteristics of the overall link were too complicated to allow for accurate modelling, however.

The cumulative effects of all the preceding active elements resulted in an alignment procedure,using two
interacting adjustments to control gain and phase.
2.4, Link Performance.
FOSL-1, as installed, demonstrated

(a) 100 dB signal dynamic range (min.)

(b) 8.5 kHz signal bandwidth (min.)

(¢) 0 dB gain (+0.1 dB)

(d) 80 dB crosstalk rejection (min.)

(e) 1.0% worst case total harmonic distortion

The construction of FOSL-1 did not meet military qualifications but did conform to good commercial
practice. A system check following 2500 hours of operation verified that all channels were operative,
with no signs of deterioration.

3. CONCLUSION

FOSL-1, based on materials commercially available in 1976, has provided an engineering exercise
leading to several projections:

1. fiber optic links can achieve the requisite sonar performance at affordable cost,

2. fiber optic links can survive the shipboard environment on the same basis as conven-
tional electronics, and

3. the implementation of military-qualified fiber optic links will require straightforward
development of manufacturing methods with respect to fiber optic and electro-optic elements.
REFERENCES
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Fig. 3.

61-channel plastic fiber optic cable

Fig. 4. Fiber optic connector pair
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Fiber optic line driver cabinet

Fiber optic line driver circuit board
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A TWO KILOMETER OPTICAL FIBER DIGITAL TRANSMISSION
SYSTEM FOR FIELD USE AT 20 Mb/s

By
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and
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SUMMARY

This paper describes a two-kilometer optical fiber digital transmission system
for bit rates up to 20 Mb/s. The system includes a light emitting diode (LED) opti-
cal source, an avalanche photodiode (APD) receiver, and multi-fiber graded index
cable. The data channel elements are connected via several field installable opti-
cal connectors. The design and performance of such components as transmitter modules,
receiver modules, optical cable, and field installable optical connectors are dis-
cussed.

1. INTRODUCTION

The potential of fiber optics in long distance transmission of digital data is
apparent. However, widespread introduction of such systems hinges on the availability
of adequate system components capable of being installed and performing in the field.
The purpose of the effort discussed here was to design and build such a system.

The fiber optic data transmission system described here operates over 2 km with
an NRZ data rate from 100 Kb/s to 20 Mb/s. At least six channels are available per
cable. The overall data channel performance is:

o Distance 2 km
o Data Rate 100 Kb/s to 20 Mb/s
o Bit Error Rate <10-8

o Mean Time Between Failure

0-30°C 7000 hours
700C 3000 hours

o Input/Output Electrical Signal Standard TTL
Data Format NRZ

o Output Electrical Signal-Digital

gise/Fnll Tigea <15 nsec

1se Spread <20 nsec

o Output Electrical Signal-Analog

SNR€ >30:1

Peak-to-Peak Voltaged 3+ 1V
Rise/Fall Time?d <25 nsec
Pulse Sprendb <15 nsec
Overshoot <10%
Droop® <10%
Optical Crosstalk (1 km) <50 dB
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a. 10% to 90% peak-to-peak amplitude.

b. Change from input pulse width to output pulse width measured at 50% points.

¢. Ratio of peak-to-peak 10 MHz square wave signal amplitude out of 10 MHz filter
to RMS noise out of filter with source constantly on.

d. Measured across 10 K Q load.

e. Measured for 100 consecutive logic ones at 100 kb/s, NRZ.

The components of the system are:

transmitter module
receiver module
multi-fiber cable
buffered fiber

one-way optical connector

oOo0o0O0O0

Figure 1 is a diagram of the data channel configuration. The TTL input to the
transmitter module is used to modulate a light emitting diode (LED) operating at 0.82
um. Six-foot buffered fibers are used to couple light from the transmitter modules
to individual fibers of the multi-fiber cable. The buffered fibers have optical con-
nector plugs on each end for mating with the module jacks and multi-fiber cable.

The multi-fiber cable contains up to eight fibers as the core of an external
strength member cable. The cable is ruggedized for installation in underground duct
systems. After installation, at least 6 of the 8 fibers are guaranteed to be func-
tional. The 2 km distance is traversed using two 1 km cable sections. The two cable
sections are joined by five optical connectors.

At the receiving end of the system, the cable fibers are terminated with the
optical connector jacks. Similar to the transmitting end, six-foot buffered fibers
are used to couple light to the receiver modules. An avalanche photodiode detector
(APD) is used to maximize sensitivity in the receiver. The receiver module supplies
the required digital and analog outputs.

2. LINK DESIGN

To ensure that acceptable system operation results when the various system com-
ponents are configured as a data channel, a link budget for both loss and dispersion
is presented. These budgets represent worst case levels for each of the components
and can thus be used as accept/reject criteria. On average then, the system perfor-
mance is considerably better than that predicted by the loss and dispersion budgets.

2.1 Loss Budget

The purpose of the loss budget is to identify the required optical power perfor-
mance of each link component. The loss budget contributors are the transmitter out-
put power, connector losses, cable losses, and receiver sensitivity. The difference
between the transmitter output and the receiver sensitivity is the power margin. The
link loss is the sum of all connector and cable losses. The difference between the
power margin and the link loss equals the excess power margin which provides a measure
of the allowable time and temperature degradation.

The average power out of the transmitter module is -17.5 dBm (17.9 uwatts) based
on experimental results with ITT 801-E and Bell Northern Research 40-2-10-3 LEDs. In
order to achieve the 30:1 peak signal to rms noise ratio, the average power into the
receiver detector (RCA C30817) has to be -48.2 dBm (15 nwatts). Thus, the power mar-
gin is 30.7 dB.

Connector loss occurs at six interfaces. Four of the six interfaces involve
graded index fiber-to-graded index fiber coupling while one interface involves a
graded index fiber and step index fiber. 1In all of these cases, a worst case loss
of 2 dB is assumed. At the detector surface, a 1 dB coupling loss is assumed. Hence,
the total connector loss is 11 dB. The loss of the two graded index cables when con-
nected is 6.5 dB/km maximum. Over the 2 km link, a loss of 13 is expected. The total
link loss is then 24 dB.

Subtracting the link loss of 24 dB from the power margin of 30.7 dB gives an ex-
cess power margin of 6.7 dB which allows for time and temperature degradation. Tempera-
ture tests over the range of -20°C to +50°CC show that an equivalent optical degradation
of 3 dB occurs. An additional degradation in the LED output power of 3.7 dB is there-
fore possible before the link performance begins to fall below any of the specifica-
tions.

2.2 Rise/Fall Time Budget

The rise/fall time budget is derived in much the same manner as the loss budget.
Here again, worst case design levels are specified. The rise/fall time budget contri-
butors are the transmitter rise/fall time, the fiber dispersion, and the receiver
rise/fall time. The rise/fall time is defined as being measured between the 10% and
90% points of a pulse edge. The overall link rise/fall time (receiver analog output)
is to be less than 25 nsec. The expected overall rise time is computed as 1.1 times
the square root of the sum of the squares of the budget contributors.
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The transmitter rise/fall time equals 12 nsec based on experimental results with
the ITT and BNR LEDs. A speed-p network is used for both LEDs and is discussed in
more detail in Section 3.

The fiber contribution consists of both material and multimode dispersion. Dis-
persions are measured between the 50% points of dispersed pulses coming out of the
fiber under measurement. The material dispersion amounts to 4 nsec/km while the multi-
mode dispersion is 6 nsec/km. No sub-root length dependence is assumed for the multi-
mode dispersion. Root sum squaring the fiber dispersion over the 2 km gives a fiber
dispersion of 14 nsec. The effect on rise/fall time is found by multiplying by 0.7.
Hence, the fiber rise/fall time contribution is 10 nsec.

The receiver bandwidth equals to 20 MHz which corresponds to a rise/fall time of
17 nsec. This bandwidth is consistent with the 30:1 SNR sensitivity of -48.2 dBm.

Combining the transmitter, fiber, and receiver rise/fall time effects as described
above gives the required analog rise/fall time of 25 nsec.

3. TERMINAL ELECTRONICS

The terminal electronics functions as the electrical-to-optical and optical-to-
electrical interfaces. The transmitter module contains a TTL digital input and an
optical connector output. The receiver module contains an optical connector input
and TTL digital and 3 volt peak-to-peak anazlog outputs. The outside physical dimen-
sions of each are identical, 51 mm x 63 mm x §27 mm.

3.1 Transmitter Design

The transmitter module is pictured in Figure 2 as viewed from the optical connec-
tor end. Two mounting holes are shown for securing the module into a panel assembly.
The electrical interfaces consist of the TTL digital input, the +5 Vdc supply, and
ground lug.

The digital input consists of four line drivers. Each line driver is capable
of delivering up to 80 mA of drive current. Current limiting resistors are used
to reduce the current drive per line driver to 60 mA. An RC circuit is employed in
parallel with the current limiting resistor to decrease the LED output rise/fall
rime. To simplify getting the required optical output power, a four pole switch
is used to apply from one to four of the drivers. In almost all cases, two driving
can be used to get a peak current of 120 mA. The LED output is coupled into a short
graded index fiber '"pigtail" which feed the optical connector jack.

The transmitter module specifications are:

Power Supply Voltage +5 +0.25 Vdc

Power Supply Current Drain <300 mA

Data Input TTL compatible
Optical Output Rise/Fall Time <12 nsec

Peak Optical Output Power >35 uwatts

Data Rate dc to 20 Mb/s (NRZ)

3.2 Receiver Design

Figure 3 is a photograph of the receiver module as viewed from the electrical
interface side. The optical interface is physically identical to that of the trans-
mitter module. The receiver module is powered from * 15 and +5 Vdc supplies and has
two outputs, one TTL digital and one 3 Vp-p analog. A block diagram is shown in Fig. 4.

The received optical power is coupled to the detector face through a short, large
core, step index "pigtail" fiber. Coupling efficiency between the '"pigtail" fiber and
the detector is approximately 80% (1 dB loss). The detector is an RCA C30817 silicon
APD. The device exhibits high quantum efficiency, 70-75%, at the system operating wave-
length of 0.82 ym and a rise/fall time of 2 nsec. The detected photocurrent is first
anﬁlified via a bipolar cascode transimpedance amplifier. Additional amplification is
achieved via two SN 52733 amplifiers.

The signal is amplified to a Reak level of about 1.5 volts, and fed to a clamping
circuit prior to presentation to the comparator to eliminate baseline wander during recep-
tion of a long string of "1"s or "0"s. The output of the comparator is a 5 volt peak-
to-peak signaf which is fed to a 50 ohm line driver. The analog output signal is
obtained by increasing the output voltage of the last amplifier with a two-stage
transistor amplifier.

Automatic gain control (AGC) is obtained bK peak detecting the output of the
last amplifier and supplying control lines to the amplifiers and to the APD power
supply. The APD control is derived from a voltage on the command line to the APD
power supply. An optical AGC range of about 25 dB is available.
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The receiver module specifications are:

Digital Data Output TTL Compatible
Total Power Supply Current Drain <300 mA
Peak-to-Peak Analog Output 3+ 1 Vpp
Analog Rise/Fall Time <17 nsec
Digital Rise/Fall Time <20 nsec
Analog Optical Sensitivity? -48.2 dBm
Digital Optical Sensitivityb -58 dBm

Power Supply Variation Tolerance +5%

a. Average optical power at detector for 30:1 SNR
b. Average Optical power at detector for 10-8 BER

4. FIBER/CABLE DESIGN

Interconnection of the terminal electronics is achieved by using two fiber
structures. One is a multi-fiber cable which traverses the 2 km distance. The
other is a six foot buffered fiber which is coiled into a one inch diameter and is
used to patch any transmitter or receiver to any fiber in the cable. Both fiber struc-
tures are capable of being terminated into either plug or jack optical connectors.

4.1 Multi-Fiber Cable

The multi-fiber cable consists of eight graded index fibers in lengths up to
1 km. As shown in Figure 5, the cable is formed around a 2 mm optical fiber bundle.
This bundle is composed' of eight fibers helically laid around 1 mm filler in the cen-
ter wiéh polyurethane extruded over it. To provide the necessary tensile strength,
Kevlar® 49 strength member yarns are hslically laid around the_polyurethane cover of
the fiber bundle. Finally, the Kevlar® is covered with Teflon” tape with an outer
jacket of polyurethane extruded over the tape to form an outer cable diameter of 6.4
mm. The outer jacket and the strength members protect the fiber bundle from damage
due to crushing as well as providing the necessary tensile strength. Also, the outer
polyurethane jacket provides protection against water and abrasion.

The graded index fibers are fabricated using a chemical vapor deposition (CVD)
process. The finished fiber is composed of three basic layers as shown in Figure 6.
The core is 50 uym in diameter and consists of doped silica with a refractive index
profile which approximates a parabolic distribution from the center of the core to
the edge of the cladding. The cladding around the core is a layer of borosilicate
which gives a fiber diameBer of 125 uym. To protect the glass fiber from abrasion,
an outer jacket of Hytrel és extruded over the glass. In addition to protecting
the glass fiber, the Hytrel” jacket helps reduce microbending losses in the cable.
The coated fiber has a diameter of about 0.5 mm.

The cable spécifications are:

Cable Diameter 6.4 mm

Glass rviber Diameter 125 um

Number of Fibers 8

Tensile Strength (2 meter gage length) 150 kg
Attenuation (0.82 um) <7 dB/km
Multi-mode Dispersion <6 nsec/km
Crosstalk <50 dB
Minimum Bending Radius 5 cm
Operating Temperature Range -20°9C to +50°C

4.2 Buffered Fibers

At the two terminals the multi-fiber cables are terminated into junction boxes.
The cable strength members are '"tied off" and the individual fibers wrapped around
a set of spools for storage. Approximately ten feet of fiber is stored on the spools
to allow for several re-terminations of each fiber. Each fiber is terminated into
a panel mounted connector jack. Six-foot buffered fibers with connector plugs on
both ends are used to connect the transmission cable fibers with the transmitter and
receiver modules.
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The buffered fibers consist of ‘raded index fibers identical to those contained
in the cables except that the Hytrel® jacket diameter is increased to about 0.9 mm.

No strength member material is used in the buffered fibers. In order to facilitate
handling, the buffered fibers are coiled to one inch in diameter, up to the connectors
on each end.

S. CONNECTOR DESIGN

Inter-connection of the terminal electronics, buffered fibers and multi-fiber
cables is done with single way, single fiber optical connectors manufactured by
ITT Leeds (U. K.). A total of five connectors per data channel are used.

5.1 Physical Description

Figure 7 is a photograph of a complete connector. The end-to-end length is 37 mm.
The diameter of the main body is about 7.1 mm. Other physical dimensions are shown in
Figure 8 with the plug and jack halves identified. The bulk of the connector is identi-
fied with the jack portion. Holes in the flange allow the jack to be bulkhead mount-
able. The plug portion is therefore the demountable half. No provision for terminating
a strength member is present; hence, the connector only couples coated fibers.

5.2 Alignment Mechanism

The alignment mechanism used in the connector consists of a jewel bearing located
within a precision machined stainless steel ferrule as shown in Figure 9. In the
center of the jewel bearing is a precision hole into which the optical fiber is in-
serted. Jewels are available with hole sizes ranging from 50 uym to 200 um in 10 um
steps so that a wide range of fiber sizes may be accommodated with the same basic
connector design. The jewel bearing is installed in one end of the stainless steel
ferrule at the factcry.

The ferrules containing the two fibers to be connected are placed in a precision
machined sleeve which aligns the two fiber cores, Both of the stainless steel ferrules
are spring loaded to insure that the ferrules are abutted. The alignment sleeve and
ferrules are then inserted into bulkhead mounting flanges. The connector assembly is
completed by screwing a threaded capon each end of the connector.

Assembly of the connector is simple enough to be performed either in the field
of at the factory by trained technicians. First, 5 cm of the fiber's protective plas-
tic coating is removed to expose the bare glass. A couple of millimeters from the
plastic coating the fiber is scratched using a diamond scribe. The fiber is then
broken at the scratch to create a good optical end on the fiber. The fiber end is
then positioned to within a few microns of, but recessed from, the end of a proper
sized jewel/ferrule with the aid of a microscope. The ferrule is then sealed with
epoxy. Once the fibers are installed on the ferrules, the remainder of the assembly
process is done by hand.

For graded index fibers (50 um core diameter) the average connector loss is
about 2 dB with a minimum of 1 dB and a maximum of 3 dB. These results were verified
in an interchangeability experiment involving 25 different ferrule combinations. De-
gradation over 50 full mating cycles showed a negligible increase in average loss.
With step index fibers or larger core graded index fibers, the loss is expected to
reduce to about 1.5 dB.

6. CONCLUSIONS

To verify that the individual component loss and rise/fall time budgets were met,
several data channels were configured and the signal output quality evaluated. 1In all
tests, the performance was better than the required specification. The SNR of the
analog output varied from 40:1 to 90:1 while the rise time ranged from 15 nsec to 22
nsec. Analog pulse droop and over iBoot were about 5-7%. The bit error rate of the
digital output was in excess of 10~ at 20 mB/s (NRZ). The digital output rise/fall
time was about 6 nsec.

This effort has clearly demonstrated that wideband communication over several
kilometers using fiber optic components capable of field operation can be achieved.
Moreover, sufficient margin is available to ensure satisfactory operation over ex-
tended time and temperature ranges. Another feature evident in this effort is full
component interchangeability, wherehby field repair by trained technicians is facili-
tated. As fiber optics becomes a more widely used communications tool, features such
as producibility, stability, maintainability, and reliability will become important
evaluation criteria to potential users and much of the groundwork in these areas has
now been laid.
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Fig.2 Photograph of the transmi‘ter module




Fig.3 Photograph of the receiver module
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COST MODEL FOR AN OPTICAL FIBRE COMMUNICATIONS SYSTEM

Dr. T.A. Alper

Communications Division

SHAPE Technical Centre

P.0. Box 174, The Hague
The Netherlands

SUMMARY

This study derives a cost model for an optical fibre communicatlons system and presents the
normalized cost of such systems for several modulation schemes. Reasonable assumptions are used in
developing the model and its application is confined to transmitters that have LED sourres and use
parabolic-index fibre cables. For the purposes of calculation, a signal-to-noise rat . requirement
of 70 dB is assumed for analogue systems, an error rate requirement of 10-9 is assumed for digital
systems, and modulation rates are assumed not to exceed 100 Mbit/s. The costs per channel per
kilometer for a typical short-haul system and for a typical long~haul system are derived to illustrate
the use of the model.

1. INTRODUCTION

Optical-fibre communications systems offer many advantages in civil and military
applications and most of these advantages are attributable to the optical-fibre waveguide itself. 1In
a