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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
size. 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 INTRO DUCTION

Recent world conferences of Fiber Optics have bee n 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 I and 2. respectively
Integrated Optics: Session 3
Components: Fiber Propagation, Session 4; Sources and Detectors , Session 5;

Couplers, Session 6

The outstanding results of the Conference are presented in the Session Summaries of
these Proceedings. Among the most promising developments, 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 ,
• a long-life, stress-free double heterostructure GaInAsP/ InP diode laser operating

CW , at room temperature , between I .10 and 1.31 pm.

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 consider~tions, and military applications of optical fiber communications are reviewed
in this paper.

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

Factors which affect the selection of components for a particular system are discussed. The most important of these are cable
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 multitiber 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- En 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;Canspbell , J. R. and Bryant , I. F., 1977;
Bamoski, M. K., l976;Personick, S. D., 1975; DiDomenico. M., 1974; Miller, S. E., et a!., 1973; Maurer , K. D., 1973). The most im-
portant bathers 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. 0., 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 p otecting the fibers against croshing.

Conceptually, the simplest type of optical fiber consists of a dielectric cylinder of refracti e index n1 surrounded by a second
medium of index n0. A light ray entering the cylinder at an angle 0 to the axis, in a plane containing the axis, will be confined to the
cylinder by total internal re fle tion if

n0 sin 0 ~
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

n0 stfl 0~~~ /fl1
_ f l

2

where °l and n2 are the core and cladding refractive indices and n0 is the index of the medium in which the incident ray propagates.
(Usually, this medium is air, son0 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 nwnericsi aperture, abbreviated NA, which are given by

- ~~~~~~~~~~~~~~~~~ 
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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

f 2wa\ f~ 2V r
~~_JVnt ~~~ 

-

where a is the fiber radius and A is the optical wavelength (Snitzer , E., 1961). If (n I — n2 )/n 1 ~ I, the modes are essentially plane
polarized. For large v , the number of guided modes of a particular polarization is approximately v 2/2 .

The initial distribution of power among the modes depends upon the spatial and angular distribution of the incident light
beam. In particular, an inp’It beam which propagates nearly parallel to the axis and fills the entire fiber core excites pnmarily 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 V g. known as the group velocity, which is given by

where 13 is the mode propagatic constant and ~ is the radian frequency of the light wave. In a step-index fiber, Vg 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 trj for a paraxial ray is

t0 n1L/c

where L is the fiber length and c is the speed of light in vacuum. The difference in transit time ~ t between a ray entering at an
angle 0 and a paraxial ray is

~t= (n2L/c)~secIsin t (sin 0/n 1)-. ll} ( I)

Assuming that the incident cone of light fills the numerical aperture of the fiber, this formula gives the pulse broadeising due
to the difference in mode (or ray) propagation velpcities (“intermode dispersion”) expected from a temporally narrow incident pulse,
with 0 replaced by 0a~ 

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 , S. 0., 1971) and observed (Cohen and Personick ,
197 5) that pulse spreading due to intermode dispersion is proportional to v’t , rather than to L.The transition from L to’s/t 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. Extremel y low
(<50 ps/ kin) pulse dispersion is possible, but the spatial and angular tolerances for coupling hardware even using laser sources are so
severe ( - l  gm, ‘-I mrad) that practical single-mode systems are still some years in the future. A more sa tisfactory 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
ir 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 . 0. B., 1976) (<I ns/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. I.

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

/av g\
~ Vg

In fused silica at 8000 A , for example , 9 ps/A. For light-emitting diode sources, where ~~ is relatively large ( —400A), material
dispersion can be the dominant source of pulse distortion in graded-index fibers.

Step-index or graded-index glass or siL~a 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 method 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 crucible, 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 type 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
hydroxy l ions toa few parts per billion , fibers with losses of 0.5 dB/km at a wavelength of 1 .05 ~m and I dB/km at 0.8 pm have
been produced lHoriguchi. 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 A4, over the wavelength range from
0.4Mm to 1.1 pm. Fibers with losses of less than 10 dB/km are now produced in quantity by several manufacturers.

The e ffect 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 colors’
lion by X.rays. gamma rays , and slow neutrons (Evans, B. D. and Sigel, G. H., 1975 , Sigel, C. H. and Fvan s, B. D., 1974; Mattem,
P. L.. ci al., 1974 . Maurer. R. 0.. ci al., 1973). Increases in attenuation of I dB/km-rad or more at near-infrared wavelengths are
observed. Recent data inuicates 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 baa usually proven expedient to incorporate the fibers into a cable
designed to protect them against breakage . Li addition to buffered fi~wrs and a protective jacket , the cables usually contain strength
members of Kevlar . steel, or S-glass. and som.. tiso incorporate copper conductors for electrical power transmission and additional
material for providing crush resistance. The cd~z. 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 tec hnology before cables suitable for most undersea applications can be manufactured (Wilkins. G. and
Fastley. R , 1977; Putnam, W . H., 1976; Wilkins, G. A., 1976 , F’rieberger, 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 (lLI) , and an electronic driver, in a package containing suitable electrical and optical connectors.

The iechnology 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 essentially that of the spontaneous emission of the material modified by its
absorption, and typically has a spectral width of 300—S00 A . In the injection laser, the cavity resonance causes substantial narrowing
of the emission spectrum to a width of 50A 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, light weight, low drive voltage (—I SV), 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 I GHz for experimental LED’s (Heinen, 3., ci aL , 1976) and lasers (Chown, M., ci al., 1973). Cutoff fre-
quencies for commercial LED’s are generally below 50 MHz, however. Most LED’s display good linearity of output 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, K. 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 *1., 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 I ~5 .106 hours are reasonable goiJs. 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 highei 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 mol~ple layers in the gallium-
aluminum arsenide (GaxA I 15 As) 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-
binatron occurs in a narrow (<I gm) layer and the stimulated optical emission is also closely confined. One such ILl) is illustrated
in Fig. 4. The electrical current density needed to reach the threshold for stimulated emission in DH lasers is much lower than in
conventional diffused-junction gallium arsenide ILD’a. Lower current densititea mean less heating of the material and much slower
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thermal degradation of the device properties. The same heteroatnicture 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, 3. P., et al., 1976) to the junction plane.

The primary advantages (or liD’s over LED’s for use In fiber cotumunicationa 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 pm parallel to the junction,
while typical widths perpendicular to the junction are 1-2 pm. Coupling efficiencies for both lasers and LED’s can be improved by
the use of a lens (Wittmann, L., 197 5), 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 nsfkm for an LED with 400 A spectral width to 0.4 na/km for a laser with 50 A spectral width at a wavelength near 0.8 pm.

In spite of the attractive features of injection lasers, LED’s will also undoubtedly be used in many syatema because of their
lower cost, simpler circuit requirements, improved linear dynamic range, and the possibility of continuous o?eration 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 wavelenZths in the 1.0-1.2 pm spectral range. Efficient lLD’s have been produced in Gax ln i.x Aa (Mabbitt,
A. W . ,  and Mobsby, C. D., 1975) and Gaxln lx AsyPly  (Haieh, 3. 3., 1076 . Pearsall, 1. P., ci 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 sternary alloy ILD’s appear promising for use in Ion ’distance
systems , as there is good reason to believe that long lifetimes will be re~,dily ~chieved (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 T’FL-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., l97S;Goell, 3. 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 fro,r the intrinsic region
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
I 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) ne to the average number of incident photons
fl p;

q

For a detector with internal gain G, the average number of collected electrons n
~’ is

~ G ne
In terms of the incident optical power P, the photon energy Jut, electronic charge e, and photocurrent I, the quantum efficiency can
be written

q = hvl/ePG

Typical values of quantum efficiency for silicon PIN plsotodiodes are In the 80%—90% range, and for avalanche photodlodes, in the
30%’-SO% range, at wavelengths near 0.8 pm. At 0.63 pm, the quantum efficiencies are roughly half these figures. Gains for silicon
avalanche photodlodea 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 photodlode 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 ii proportional to the bandwidth, while thermal noise is proportional to the
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square of the bandwidth. Thermal noise therefore tends to dominate at high bandwidths (~~. I MHz for PIN receivers). Thermal noise
can be significantly reduced by using a high-impedance FF1’ preamplifier with a bandwidth substantially less than that of the signal.
The signal is integrated at the preamplifier input and Is differentiated after smpliflcation to restore the received waveform.

In the APD receiver, the carrier multiplication boosts the signal level internally, prior to the preamplifier. The increase in
signal level with respect to amplifier noise gives an improved sensitivity in the receiver , even though carrier multiplication introduces
some additional 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-

W ance of welt-designed digital receivers using PIN and APD detectors (Personick , S. D., 1975) is illustrated in Fig. 6.

Against this improved sensitivity rnust be weighed the disadvantages of the avalanche photodiode receiver. First, the device
must be biased in the 150-400 V range far 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-voltage 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 I o 8, 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 signal regenerator, and a transmitter to launch the regenerated signal into the next section of t ransmission line (Goell, I. 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
of the system. Digital repeaters with data rates as high as 800 Mb/s have been demonstrated in the laboratory (Nawata, K., and Takano,
K., 1976).

For either land or undersea systems, electrical power for a repeater must usually be supplied through conductors contained
within the cable. 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 (‘- I mm diameter) fiber bundles have not proven particularly difficult to fabricate, since the mechanical
tolerances for such connectors ( ‘-O.I’-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 c.mented 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 pm core diameter) are considerably more difficult to produce, since the
mechanical tolerances (“-S pin) 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, .1. F., and
Lukaa, 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 sim ple installation and maintenance and to reliable operation .

Bus Couplers

The need for special couplers to perfo rm the function of signal distribution is a unique feature of the mult iterm inal bus. Two
generic types of optical bus coupler have been proposed and demonstrated: the “star” (or “ radial ann” ) 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 lobe 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,
providea a means for signals to be injected into and removed from a fiber optics trunk line at each terminal. Hybrid systems utilizing a
combination of both generic type. 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
system. By contrast, the loss is proportional to N for a system using Tee couplers. Ass result,4he number of terminals which can be
Implemented without repeaters I. 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 I. about ten terminals. On the other hand, the Tee
coupler seems to offer some advantages In terms of cable cost and ease of installation and maintenance and system modification.

I.
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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 version. of the Tee coupler have used
bifurcated fiber bundles (Biard, J. R., and Shauntield, .1. E., 1974), branching glass structures (Milton, A. F., and Lee, A. B., 1976),
and glass blocks with in.emal 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 (Bamoski, M. K., and Friedrich, H. R., 1976).
The fibers have part or all of th~ cladding removed to promote efficient power transfer, and are separated at the ends to provide four
coupling ports. Branching multiiuode waveguide structures (Witte , H. H., 1976) and mechanical arrangements for causing mode con-
version (Jeunhomme, L., and Pocholle, 3. P., 1976) have also been used 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 I 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 d8m, and that a 10d B margin I. allowed for coupling, connection, and splicing losses. A signai-
to-noise ratio of 30dB for the analog signals and an error rate of l0~ for digital signals are assumed. According to the table, attenua-
tion factors in the 500 to 1000 dB/kns range for aircraft applications (maximum distance approximately 50 ml and in the 80—ISO
dB/kns range for shipboard application (maximum distance approximately 300 ml will be needed.

TABLE I

Maximum fiber attenuation (in dR/kin) (or
various cable lengths and signal bandwidths

length (in)
50 300 1Q00

4k Hz analog 1400 dR/km 230 dB/kin 70 dB/km
5 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
congiderations tend to favor the use of LED sources and PIN photodiodes. For example, the pow,.r coopled into a fiber of NA ‘ 0.2
from an ILD source isO 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— IS 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 os/km for LED sources, and only about 0.4 ns/km for typical lW’s. The internode dispersion is of the
order of I 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 na/km for plastic-clad silica fibers. For longer distances (.~~ I kin), the intermode dispersion is less than these
figures would indicate, due to mode conversion. In the examples given in Table I, based on these figures, it is seen that graded index
fibers would be necessary for the SO Mb/s , I km system but that either LED’s or liD’s could be used in that system.

Environmental constraints could also have a strong influence on ;he 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
nile 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, remasn~ 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 thap 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 clwi tied in(onnation being transmitted over the fiber optics cable. Since the fibers will not pick up electromagnetic radiation.
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 fismes 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 los’
the A-7 aircraft (Greenwell, R. A., 1976, lihlhom, R. W,, et al., 1 976).

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. 3., 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-i aircraft (Greenwell, R. A.. and Holma, R. A., 1977 ; Harder,
K. 0., et al., 1977; Ellis, 3. K., and Williams, D. N., 1976). A total of 115 wire signal links were replaced by 13 fiber optic channels,
12 digital and I 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 transmissi-sn 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-i 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, 3. K., and Shaunfield, 3. 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 EM! susceptibility.

Both the Air Force and the Navy have developed laboratory tuodels of fiber optics multiterminal data busses. The Air Force
version operates at 10 Mb/s with eigh t terminals, using a radial arm (star) coupler with a maximum distance from the coupler to
remote terminals of about 30 meters (Shaunfield, 3. 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- I 553.

A final aircraft application being pursued is for the Navy P-3C weapon system. Interfaces have been developed for a 10 Mb/s
intercosnputer 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-i 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 LITI’LE ROCK (Eastley, K. 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 yea rs .

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 runn ing
fiber optics cables through pressure barriers so that th~ 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 (es’ 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 sit
nal format of the present syst em which employs five channels multiplexed at frequencies from 41 to 83 MHz with a 1.2 Mb/a 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
cost’e lfective in comparison with electrical transmission is under development (Eppes, l.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 waveleng th centere I sear 8400 A . coupled into a specified fiber. The bit error rate is less than IX 1O’8 with an input
to the optical receiver of -45.3 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 cue 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 faci lities . Cables for both system types are under development.

For the local distribution system, illustrated in Fip. II and 12, channel bandwidths are 4k Hz 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 I 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 rsdiation vulnerability and cost. Maximum allowable fiber attenuation is about 10 dB/km. A laboratory demonstration has
been came” 3ut using LED’s and PIN detectors , with bidirectional operation over twelve channels in each direction (Slayton , I. B.,
1975). /. 334 m length of six-fiber able 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 dBfkxn. Other land-based applications which are being pursued involve
surveillance and weapons support systems.

Undersea ~ystems

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 severs’ 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 lbs. 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 , prototyp e cables for a number of undersea applications have been produced. These include a large (1.7 cm diameter)
cable for a towed applications, a I .5 mm diameter cable for aonobuoy 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
examp le , attenuation of the fibers was in the 3—1 0 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 ILl) 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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REVIEW OF INTEGRATED OPTICS

IF
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 disc~ssed are corrugated waveguidefilters in which rejection bandwidth from 0.1 to 6 A 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, 3. E.,
et al., 1970; Goell, J. E., et al., 1970; Tien, P.R., 1971; Miller, S.E., 1972;
Taylc , 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.
(B~~ io~ki, M. K., 1973; Tansir, 2’., 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., 19691
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. H. 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 ~im 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 device.. There is,
of course, also the hope that one will be able to combine several guided-wave dsvices
on a coranon substrate or chip and form more complicated optical circuits in analogy
with the integrated circuits of electronic.. 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 waveguid.s used in integrated optics are dielectric waveguide ., usually
in the form of a planar film or strip of higher refractive index than the surrounding .
The devices of interest ar e often the counterparts of familiar microwave or optical
devices. They are coupler., junctions, directional coupler., filters, wavelength
multipl.xers and d.multiplsxers, and active devices such as modulators , switch.. and
lasers and detectors. In th. following, we will first discuss briefly the character-
istic. of the dielectric waveguid.s used in integrated optics and of the materials
employed to fabricat , them. This will be followed by an illustration of recent work
on devices and circuits.



I I. DIELECTRIC WAVEGUIDES

Dielectric waveguides are used to confine and guide the light in the devices
of integrated optics. We distinguish between planar f ilm  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 flf~ fl

5 
and are the

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

n > n , n .  (1)f s c

The guide suppor ts guided modes where the light is confined in and near the f i l m , and
radiation modes where the light is spread out far away from the film. Figures la ana
lb 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 e exceeds
the critical angle e for total internal reflection at the film—substrate interface
given by c

sin 0~ n/n fS (2)

and the rays are trapped inside the film. The guide will support only one sin~leguided mode when the f i l m  height h is very small, i.e., approximately given by

A 2 2 1.
~
’2

h ~~ (flf~ f l5 ) , (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. In every one of these cases, the
guide index nf 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 Si

f~~
fl
5 
depend

on the fabrication technology used and are typically in the range of iO~~ to IO
. 2
.

Typical dimensions of single—mode strip guides are heights of 0.5 ~im and widths of 2— 3 im.

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; Garnire , H., 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-.r.~ttering on a glass substrate oflower index. (Goell, J. E., et al., 1969) Other materials examples are the electrooptic
crystal. LiNbO and LiTaO which are of interest for modulators and switches. I t  has
been foun d (Sc~iiiidt, R. V~ , et al., 1974; Hammer, 3. N., et al., 1974) that low-losswaveguides can be made in these ferroelectric materials by in—diffusion of the metals
Ti and Nb, respectively. GaAs and related Ill—V semicondu..~tor compounds are of particular
interest to inta.grated optics, as these materials are suitable f or the fabr icatoon of
efficient, electrically pumped junction lasers as well, as for modulators and detectors.
(Garinire , E., 1975) In these materials, waveguide. 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. In the Ga.AIA5
matera ls system , ow room temperature operation was demonstrated about seven year. ago
(Hayashi, I., et al., 1970; Alferov, Z h .I . ,  et al., 1971) and good progress has been made
since in improving device life. The GeAlAs system can provide lasers in the wavelength
range of 0.75 to 0.9 urn. Several other materials systems show promise for the spectral
range from 1.0 urn to 1.6 urn. Recently, ow laser operation at room temperature was
demonstrated in GaAaSb/A 1GaAsSb system (Nahory , R. H., et al., 1976) at 1.0 im, in the
GaInAsP/InP system (Hii•h, 3. 3., et al., 1976) at 1.1 urn, and the InGaAa/InGaP system
(Nuele, C. 3., et al., 1976) at 1.06 to 1.12 urn.
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IV . DIFFEREN T TYPES OF INTEGRATION

We have indicated before that the confinement of light provided by waveguiding
ca n 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 (Re inhardt,
F. K., et al., 1974) and of a laser and a phase modulator (Reinhardt, F. K., et al.,
1975) were reported. Other interesting possik4ilities are laser—filter—modulator or
filter-detector combinations: In all these cahes, 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 kin4 are made on one chip, we call this
monofunctional integration. Here one hasa more freedom to optimize the materials choice
for each given device. We shall mention later two experimental cases where monofunc-
tional integra tion was already demonstrated in the laboratory. (Schmidt , R. V., 1976;
Aiki , K., et al., 1976) One has the simples case of monofunctional integration when
devices ~f one kind are arrang ed unconnected nd 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
fil ters on a chip can form a wavelength mult lexing circuit, etc.

V. MODULATORS AND SWITCHES -
Considerable progress was mad re..~ent years in guided-wave modulator and

switching devices. (Hammer , .3.M. , 1975; Kaminow , I. P., 1975 ) To illustrate this
work,  we consider devices where wavegui~Ss were made by diffusion of Ti into LiNbO3.

This technique allows the fabrication of embeaded strip guides in relatively simple
photolithographic step8, as sketched in Figure 4. This wey, a phase modulator of
the geometry shown in Figure 5 was constructed. (Kainimow , I. P., et al., 1975 ) The
waveguide was about 5 irn wide, the metal electrodes plated on the crystal surface
were about 9 ~m apart and 30 nun long. For this modulator , the required drive voltage
was only 0.3 volts and the drive power was as low as 1.7 iW/MH z of bandwidth to
achieve a modulation index of 1 rad at A = 0.63 urn .

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 pm wide and spaced as close as 3 pm 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 db).

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 inpt.t 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
corru gation 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

A l/A ~d A/L (4)

centered at a wavelength 1c given by

— 2Nk , (5)

where N is the effective index of the guided mode. (Kogelnik , H., 1975) Figure 8, taken
from (Flanders, D.C., 1974), show, the response of a corrugated glass guide at 0.57 urn.
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The filter was fabricated by mea f a holographic exposur e~of masking photoresist
using a LIV laser and by subsequ ion—beam0etching. It was L e0.57 nun 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 subse43uent filter experiments (Schmidt ,
R V . ,  et a l . ,  1974 ) bandwidths as narrow as 0.lA were achieved.

VII. LASERS

The confinement of the light in double heterostructure junction lasers has ,
of course, been vital fcr the ow room temperature operation of these devices. Several
other guided-wave techniques are under exploration to further improve the performance
of junction lasers. One example is the use of various strip waveguides (Lee, T.P.,
et a1 . ,  1975; Lee , T. P., et al., 1976) tforts to obtain single transverse mode
output. Another example is the cx n of distributed feedback structures (DFB) ,
where a periodic waveguide simi corrugated waveguide filter is superimposed
on the gain mediuan DFB promis mple , compact, low-loss laser resonators ,
spectrally pure laser output an 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) GaAIA5 junction lasers of
somewhat similar geometry were recently demonstrated in ow operation at room temperature.
(Nakam ura, 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 )unction lasers with slightly different corrugation periods. Each of these lasers
opera tes at a different wavelength, separated by about 20 A from eac.h 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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Figure 1 — Ray pictures in a dielectric slab waveguide corresp onding to radiation
modes (a), substrate modes (b) and guided modes (c).
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Figure 2 - Cross-sections of various strip guides.
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Figure 5 - Schematic of strip—guide phase modulator (Kaminow , et. al., 1975).
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Figure 6 - Switched directional coupler with alternating AØ (Schmidt, R. V. and
Kogelnik , 1., 1976).



Figure 7 - Optical switching network.
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L AVEN IR DES FIBRES OPTIQII S POUR LES
P~PLICATIONS AERONAUTIQIX S MILITAIRES
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SERVICE TECI-5IIQI .~ (ES

TELE COMM JNICATI ONS DE I ‘AIR
129. rue do is Convention

75731 PARIS CEDEX 15
FRANCE

R E  S U M E

Coirpte tenu do l’évolution des technologies en mstièrs d’électronique entarquóo, dont
l’ sboutissernent est i’interconnexion des 6quipenents per bus nurrérique. lee systèrre s do bord vont
btre a l’svenir psrticulièrenmnt vLI1n~rablos aux perturbations §loct romegnetique s ramenéss per los
c~blages en ceo do foudroien~ nt ou s ’ils sont soumis a une in~ ulsion électromsgnêtiquo d~origine
nuc lest re.

Los fibres optiques , êtsnt intrinsèquoment insensibles a ceo phénornènes , parsissent &nc
line solution attreyents a ce problèrre .

L ’état actual do is technique rrontre is fais~~ilité d ’interconnexions per fibres optiques.
an particulier pour is rCelisation do bus nun~ riques.

Los traveux a effectuer dens l’svenir pour introduire ces liaisons su stade opérationnol
reièvent donc maintonant plus du dCvaloppensnt at de l’industrielisation quo do is rechsrcho .

1. L EVOLUTION DES MATERIELS 0€ 80R0

Los possibilités ouvertes par l’évolution des technologies electroniques. jointes au
besoin do matériels do plus en plus performants ont conduit a le reelis&-ion d~6qt~ peasnts dE bord
utilisant des co,v~osants elenentairos d~encorbremont, do poids ot de consommation d’énergie réduits.
Un des exons~los los plus freppants a cot egard ost l’évolution des dispositifs transmatta,t los
ordres dos conynandos do vol a bord d~ un avion.

Car-tee, les disposjtifs d’antréo d’ordras sont toujours des commandos manuollos a is dis-
position du ph oto, is systènm do oonsnando agissant toujours finalonent sur uno gouvorno . ou un
robinet do debit do cerburant. mats is chains do transmission s’eot grendemant trcdifiée depuis quo
is premier evion a pria i~ air.

Los premiers diepoeitifs corr~ortaient uno transmission par c~b~ea ~t tringlarios.

La vitesso des avions ellant croissant, los efforts nCcessaires pour braquer los gouvenles
s~accrurent oux aussi. Ii devint donc nCcessaire do vonir en side au pilote per utilisation do
cervoconinando s hydraul iquos.

L’ evèneinent doe corçcssnts somi-conducteurs permit do rendro cos systèmes plus eouples
d’ en~ loi, per introduction dl. is fonction ph oto sutometique , at exploitation des poesibilitCs do
modffic.tion dee cerectCriatiques dynemiques do reponse de l’evion ~ una soilic ltstton . Cotte étspo
a conduit a introduire des liaisons filaires pour trsnsmettre lee ordros sous fo rre do signaux
4lsctrlques anelogtques.

La dornière Ctape oc t is gCnCralisstion des techniques logi ques qui permmt i’tntegretion
cIsc fonctions è bord d• Pavion . Lee ordres sont alors tra it Cs et treosmis eoue forma num~rique .

L~4volution qui vient d itre Cvoquée a donc conduit, pour re~~ lir une m~mo fonction . a
passer do diepositifo di transmission mécaniquos, d’abord purenent passifs, puis con~ ortant uno
asçlificetion. a dos di.poeitifs Clectriques mottant en jeu des energies do plus en plus feiblis.

2. EFFET DES PERTURBAT IONS ELECTR0t~AGNETI~ .ES SUR LES LIAISONS FILA IRES -

Esesyone msintsnant d’ exsininer do plus près lee perturbations Cisctriques los plus in~ ortantos
euxquslluo aura a faire fec. un evion st l.ur offet our los lignos do transmissions a bord.

On pr-andre comem cas d~Ctude uns li~iison teilo quo cellos reprCsontCes a is figure 1. Ce
psut *tr. Is ccc do 1. transmission des commandos do vol dopuic iii calculatour situö dsns une souto
A Aquipsemnt jusqu~A une servocomend. ettuAo dens is queue do I’spparaxi.

I.. d.ux evions rspr4sen tent ro.psctiverrsnt Is ces d~It, chasseur et celul d’ ufl gros portaur
tA~~CS por •x.o ,is).

- — -



Las perturbetions envisagées sont l~ inçuIsion eloctromagnetiquo dOe A une explosion
nuclesire A haute eltiti Jo ot le foudroisrent th~ i’svion on vol. On trouva A is figure 2 los
caractêr istiques terr~orel1es ~es doux ph~noménes (LANOT . .1.A. 1974, STEVENS . 0.3. 1974,
RO~8. 3.0 . 1 9 74 )

Ic couplege do l’avion su phánoméne perturbeteur vs s ’effecuter , 9oht par effot
d antanne dans Ia cas do V i,r~u1sion electromagn4tique (LNiOT . J .A . 1974), soit par excitation
d irecte on courent dens la C8S lie ie foudre.

Las cA blagas seront siors Ia siege do courento at tensions qua i’on peut approxirrer
par lies sinusoides erorties de fréquenca

- fo ~ 10 MHz pour l’ avion 1.

fo ~ 3 MHz pour i’avho n 2,

et aysnt une périodo d~arort1ssernent do l’ord re d’jjie dizaine de microseconden .

En sdrrettant ut-is attenuation do 20 dB au nivesu de is peau do l’ apparehl. on est conduit
a estirre r des valeurs crates des courants en court-circuit et surtensions en circuit ouvert telles
qua celles indiquées su tableau en figure 3.

On voit irenAdlateir-ent apparaitre is problème pose par los surtensiona su nivaau des equi-
pements d~oxtrCmité. Dana dos conditions oD une lan~ e avait des chances de resister, un étage d’entrée
A transistors Sara certainement mis hors service.

En outr~. les evaluations faites ci-dessus supposent quo is pesu lie I ~svion apporte une
stténu tion irr~ortante ot qu~olla est donc correcterrent netelitsee. LA encore l’évolution technolo-
gique s ’effectue dana un sens défavorabie avec l’spparition lies matériaux conposites utilisés pour
gagner du poids dens is réslisation des structures d~avions.

4. LES MOYENS DE PROTECT ION - INTERET DES LIAISONS OPTIQUES -

Ii convient bien stir do noter qu avec i’apparition des transmissions nurnériques , lea
problèrre s lie conpetibilité electromagnétique ont conduit A prendre dos precautions qui vont dens lo
bon sons. En effet . lea s ignaux nurnériques corrportent lies fronts raidos so son t avéré s être
d importants gAnerateurs lie parasites. Ils ont donc nécessité i’errp loi de paires bifilaire s tor-
sadées biindées qul minimisent l’intaract ion lie signaux véhiculés en rode differential sur lie teis
cA bles avec l~ envIronnarrant.

Nais hélas . si Ion as réfère aux eriplitudes des signeux perturbsteur~ quo 
lo on risque lie

recuelilir sur une pai rs bifiiaire , it-aria si i o n  escorripte un affaiblissonent do 60 dB pour le pas-
sage su rode diffCrontiel . on voit quo l’on recueiiiere encore piusiours volts, voire piusiours
dizelnes lie volts su nivesu du récopteur.

Do tol s niveaux sont inaccoptabies pour lies circuits logiques qui risquont alors lie changer
d’etat do manlOre Xnte rrpost ive .

Queu es sont donc lea solutions envisage~~ las

On pout songer a utilise r des cAbles surblindéa pour obtenir une attenuation supplénentai re
des perturb ations. Ces cables lievront en outre atre A haut isolerrent pour ~upportor des surtensions de
plusieurs dizaines lie kilovolts pendant piusieurs microsecondes.

Dens ce cas ii faut également découpler lea équipamonts d’extrémités par des transfmrrnateurs
A heut isolement egalomant. faute lie quoi lo~ our-tensions en rode cnrrrrun détruirsient cos équipements
(voir fig. 4).

La solution relstive A is protection d’una liaison filsire currule donc ieoiament at blindage .
sources do poids at d~anco rbrerrent . et no devrait donc êtra considé rée quo corryre un pis-allor par lea
evionneurs.

Ces inconvénients des liaisons filaires ayant été mis on Cvidence . los liaisons par fibres
optiques apperaissent Connie una alternative céduisanto. DejA mieux quo oonpétltives avec los liaisons
fileire s non protegees of l’on considéro lour poids Iinéique. alias apportent an outre , at l’isolemen t.
et lo blindsge ou plus exacte rrent ollo rendont on dornior inuti ie.
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5. FAISA6ILITE DES LIAISONS PAR FIBRE S OPTIQUES -

Sans revenir our is possibilite do réelisar des liaisons point A point qui no posent pee
lie problérres techniques particuliers. examinons le css d’un bus optique . evec cosine objectif in debit
nurnérique do 3 Mbits par second. un taux d~orreur do 1O 9 ontro un ensent)ie do 19 ter,rrinaux. clans ie
cas do l~ avton 2.

L’ srchitact ure generale du système ast repré sentCe A is figuro 5 , Ia longuour maximalo
des liaisons eat do SO m si le coupleur central (fibre rnéiangause) aet correcternent place dens l svion .

Pour des raisons lie synchronisation , on suppose 10 signal code biphesa. On trouve A is
figure 6 Pallure terriporelle du signal ainsi quo 55 lienoité spectrala.

La réslisatin do ~a bu~ pout se faire do is facon suiverrta (fig.?)

- emission par diode électroluminoscante

- transmission par faiscosu lie flLres multirodos, Ia couplaga entre énettaur at faisceau,
entro deux feisceaux , ontre faiscesu et réceptaur s ’effec t uant par fibre melsnge use.

- reception par photodiode PIN.

Consir4~rons le bilan énorgétiquo d’ una talle liaison.

Pour une probabilite d’ erraur do 1O~~ is rapport S/B en sortie do is diodo PIN dolt ètre
d’ onviron 17 dB Si l’on decode la signal bibphaee per integration (Tl-~JMSON-CSF, 19741 .

Pour passer correctorrient ce signal biphase A 3 N bits/S, il faut une bande passento do
S A 6M H z .

La puissance équivalonto lie bruit do la photodiodo ètsnt d’onviron 0.4 pW/’~~ , is puissance
optlquo du signal reçu doit ètre

Po ~ 10 nW

Le bilan des pertes s’ètabiit corrane suit dsns le 089 le pius dèfavorable (D AURIA . L. et
JACQUES. A., 1976).

- couplage diode électroluniinescante - ronofibre 6 dB

- coupisga rrnnofibre feisceau : 1 dB

- porte due au taux lie remplissage 3 dB

- couplage fsisceau - rio nof ibre I da

- couplago rrcnofibre - photodiodo 1 dB

- 50 m lie faiscosu A 100 dB/Km S dB

- coup leur 1 9 voies : 20 dB

- raccordernents au coupleur S dB

- 30% fibres cassées per troncon 3 dB

Per-t ea totsles 45 dB

D~ oB la puissance nécessai re su niveau do is diode émettri ce :

Pi • 0,3 m W

Line puissance do 1mW pouvert ètre obtenue sous faiblo courarit nu niveeu lie cotta diode,
on no rencontrora pas do problèmo do duréo lie vie pour ces conposants.

La liaison set toiArsnto au niveeu do is precision d’ajusterrent doe connocteurs sinai qu ’au
ni~~au dos ceesuras do fibres (2 flbros cur un feieceau do 7 ?ibrgs, S sur un faisceau do 19) .

Ii apparatt nèsnrrcine qu ’un poste important au bilan des portes ost dti sux connexions
(5 dB par raccordo rrent eritre doux faisceaux ) .
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Xl en résuite par oxonpie qu ’on no pout offectuer do frsnchissenent do cloi.ons
Ctanchee on s.ctionnement connie ii ost d’ ussgo A rr~ ins d’ sugmentor l~ puissance d ’Cmission , cc
qui so fore Cvideirerent so detriment do Is durCo do vie do is diode electroluminescent..

7. LE OE~~LOPPEI~ NT DES TRNIS~1ISSIONS PAR FIBRES OPTI~ JES -

Cod nous ernéne tout nature ilernent A évoquer los travaux nCcosssires su dèveloppe-
rant des sys terre s A fibres optiques en tent qua rt-oyon s opCrstionnele do transmission A bord
d’ avione.

7.1. Travaux sur les connoxions

Lo premier axe d’ effort consiste A réduire los per-tea au nivasu des connexions .
per exomple en connectant las fai~casux fibre A fibre. Cotta solution permottrsit do e ’sffr-enchir des
per-tea liens Ia fibre mèisngeuso ainsi qua des portes duos su tsux do rerripliseaga. Le problé rra ejquel
on se hour-ta dana ce ce o oct ceiui dos tolerances méceniques. or, perticul ior an co qui concerrre
is reproductibilité du dierrètre des fibres, condition essentiolle do l’alignorrent des coeurs dens
un faisCosu multifibre.

7.2. Normellsation

La rernsrguo formulCe ci-dossus souléve lo problems do is concurrence entre cAble riorrofibre
et faisceau muitifibre dana las applications enterqueos. -

Si i’on considère quo, los fibres étsnt fragiies , olles doivont do touto feçon ètre protegees
par une enveloppo rnécanique résistante. alors Is monofibro s’irrposo. Si par contre l’ on considère. conTrlo
cole par~i~ t ètro le ces , quo is principalo source do cassuros ast is torsion des fibres lors dos manipu-
lations. alors Ia fsisceau de fibres apporto uno redondenco gui parriet d’utiihsar un gsfnage rnéceniquement
mains resistant. donc plus légor.

Os touta manière . ii serbia souhaitoble quo le nombre lie fibres dens un fsiscasu resto inférieur
ou égal A 19.

En outre at cod eat un probléro connaxe du précédant . ie dévoloppoaront des fiSres so feit
do manière anarchique diver-si te do dotes - diarnètre do coaur at do gam e. divars.ité lie forrriuios
coriduisant A uno diver-site d’lndibes do refraction . qui nujoontA is conpatibilité d~ s corrposants. Uno
telle ariarchie no pout qua fram er l~essor dos systèrnes d~interconnexion par fibres optiques.

Ii peraitrait dot-ic souhsitabie dens cc dornsino d’élsborer une norms définia~ent la nombre
lie fibres li’un faisceau, lea diarnètres at indices do refraction du 000ur ot lie in gam e dos fibres, do
rr~ lrio qu ’ont eté adopteos pour lea cAbles coaxinux los impedances norrnalisCes do Sti et 75 A.

7.3 Equipernonts d’ o xtrémités

Le troisiêrre axe d’effort concorno l’edaptetion on tre lea liaisons optiquas at los équipoments
connectCs.

Cotto adaptation consiste pour 10 fabrican t as coniposants. A déveioppar des emetteurs at
récopteurs. intégrant cli non los corrposants optoéloctroniquei, meis d’ enploi analogue A celul des srrpii-
ficeteurs do ligne pour lee transmissions sur pair-es bifiisires.

Da tois énetteurs devraient par oxemple adrrettro connie entrée dos signaux logiquas so
standard TTL , acconpagnes on psrslièie par Un signal d’horlogo do synchronisation, los récopteurs
essociés restitusnt cos doux signeux.

Pour 1. fabricant d’équiperr-ents, cette orgenisetion mnpiique is transmission sOquontielia do
I ‘in formation ,

7.4. Problèrrte s do rontsge at de maintonan~o

Le quatriOmo axe d’ offort concorne i adsptation dos liaisons optiques aux techniques do
rontsge et lie meintonanco usuollee an sCronautique. Ii conviandra donc autant qua faIre so pout do
minjmjser Ia remise en cause dos rnéthodes lie travail.

Cala f rrpliquo so nivoau des operations de chblsge Ia possibilité do couper, do condition-
nor Ie~ extrémités d. cAble optique at do mental’ los conneoteurs dens lee conditions rancontrées dens
un stel lar- do cAblsge.

Ii convict-it donc do développer des outils sirrplos d’ errpioi. no domsndent ci possible pas pius
do dext éritC lie Ia part du cAbleur quo Is inaniemerit do far A soudor-.

Co le implique egelornent

- salt d’incorporor sus rCcopteurs una commando automatique do gain low’ eesursnt coo dynamique
lie fonctionnemant compatible avec Ia dynairrique dos at ténostions dens los résaeux d’lntercon-
nexion coripiexes,

- soit d’incluro dens ces résaaux des dispositifs égalleeurs lie puissance optiquo (PORTER D.R
at REE~~ J.R , 1978).
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Cola lrripliquo anfin un effort su nivoeu doe connoctours qul dovront supporter le mantego
et is démontaga dnns uno souto d’evion sans néceseiter i’ srrtience dépoussiCréo cl’une salle blanche .

8. CONCLUSION

Los fibres optiques abordoot rnsintensnt co qul pout §tre considéré car-rae une phase lie
devolopperrient précédant iaur Introduction opérstionnelle A bord des avions rnilitslre s

L ’étst do is technique pent-at dare s ot déjà do répondro A des boso ire ponctueis portent
sur lies liaisons point A point.

On pout danc ospérer voir Ia probléme lie Is protection des liaisons A bord d’ avion contra
los perturbations electromagnetiquas rCsolu do menièro plus légèro qua no is perrrnettont los techno-
logies fl iafres actuellas.

Toutefois lea problérries de protection su niveau des siirrantations et des circuits internos
dos équipemonts restore j usticisbie des méthodes do protection classiques.

On pout ospérer quo 10 pain do poids apporté par los liaisons optiquos augrrantera la merge
de manoeuvre pour los protections c lassiq uos restant A mottro en oouvro.
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RECENT PROGRESS IN OPTICAL FIBER CABLES FOR USE IN TEE OCEAN

C. A. Wilkins R. A. Eastley
Naval Undersea Center Naval Electronics Laboratory Center

Hawaii Laboratory San Diego , Ca lifornia , 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 sin to 17.5 em ,
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 sophistication 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
resolu tion , real-time television (even stereo TV). Ifuch smaller cable diameter is needed
to reduce drag and to improve system depth performance in a towing mode or in the face of
ocean curren ts.

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---p lay importan t roles . If these
“ secondary ’ parameters are critical , 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 dimensioni 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 below a safe level.

The problem is not limited to the deep sea search or work system (Sigel, G.E.,
1976). It will be encountered whenever high frequency information must be tran smitted
through a cable which has an overl y constrained diameter . Other examples are numerous ;
the data link between a deep sonobuoy and its surface transmitter, a video data tether
be tween 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 which are diameter-limited to much lower bandwidths.

As an illustration , consider a typical tether cable (Fig . 1), coemonly used to tow
Ins trumentation packages at depths to 6 km. The cable’s rated breaking strength is
15,400 kg*. Its 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 pay toad,
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 typ e 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
LO 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 insufficien t to transmit real-time television
without severely degraded resolution, and will certainly not allow real-time stereo TV.
It has marginal capability for support of today ’s high resolution, high-search-rate
sonars. If there is a requirement to simultaneously operate two or more such sensor
systems, the cable is totally inadequate . In fac t, 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 th. 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 , but adds dead weight to
the cable.) Assume , for example , tha t the dielectric O.D. of the cable in Fig. 1 is
increa sed 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 , storag. volume , drag cross section and weight must all rise. A much

* Thi. paper will use those units which are norma’ly measured in tb. laboratory or the
field---e.g.  kg rather than newtons, and kg/cms rather than N/m2 or pascals.
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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 requ ired to carry and deploy the new cable . In st~~ary , 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 ., l975a , 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 fiber 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 tethering 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 Cosinand in sonobuoy technology,
and the Naval Electronic Systems Coernand 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 syninetry axis , and axial
(tensile) strain. The design of an effective optical fiber cable must acconinodate each of
these properties (Wilkins, G.A., l976b) .

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 (Gu].ati , S .T., 1975) is probably
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 task, since the cable may be required to operate for years in
a high pressure (to 700 kg/ca’) 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 gesins (TEFLONR). polyviny lidene
fluoride (K’YNARR) , and polyester elastomers (HYTRELK) . 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 “pulltrueion”), as
an in-lLie 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.
Example. 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
mode s into higher (more lossy) orders. These effects can drastically increase the fiber ’s
opt ical attenuation . Olshansky (1975) has shown that, for the case of a 125-urn fiber
passing over a single 12-urn bump , th. additional attenuation can be 0.15 dB. Multip le
microbends of this type in an actual cabl, can increase fiber attenuation by hundreds of
dB . One of our early attempts to strengthen a poorly buffered fiber with a matrix of 9-urn
S-Class filaments in epoxy resulted in more than 1400 dB/km of additional attenuation .

The fiber buff.ring 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 th. fiber as though they were radially isotropic . The
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buffer ’s composition must be uniform , and its outer surface smooth and c~ircular. Gloge
(1975) recoismends 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 (SYLGARDE). Of the two buffering materials , HYTREL
is preferred because of (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
produces tiny carbon-like flakes, which flow through the die , become fixed within the
buffer 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 prob~ezns, 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 mm , a step index fiber will
almost ismediately 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 sin, 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 c compared to that of the (neutral) axis of fiber symmetry , where;

1 + £ — (R + d) /(R + d/2) (1)

If the cylinder radius is 1 cm and the fiber diameter 125 urn , this surface strain
will be more than 0.67.. Such a value is small compared to reported average fiber breaking
strains of 4--67.. It is quite 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 507.
probability of breakage when 1 kilometer was exposed to a proof strain of 0.257.. We have
recently been able to purchase (at a fixed price) kilometer-length optical fibers , both
step ~nd graded index , which have survived a manufacturer’s proof test, to a stress of 7000
kg/cm’. This is equivalent to a proof strain of 17.. 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
equivalent to a differential bending strain of 0.1257. for a fiber with an overall diameter
of 125 urn. Love’s (1976) criterion of proof testing states that the ability of a britt le
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 adequcte
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 fiber- - -is a more meaningful proper ty 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 modulua , 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
fiber, by a factor of 10 (to 70,000 kg/cml), a 125-urn 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 27. 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 longer 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 657. 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 conflicting 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 KEVL,AR-49 and S-Glass, with the first material
supplying the modulus and the second a predictable degree of stiffne8s.

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 offer, two potential gains. First, it allows the fiber to cycle around the
cable axis of symmetry (the neutral or unstrairied 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 cycle) 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, l975a) .

In addition , the helical optical fiber is given a measure of strain relief when the
cable i. subjected to tensile loading . This advantage is rather limited, especially if
the design 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
pitch diameter D, and by the helix angle 0. Relative to the length of the tube (Z), the
fiber length i. defined by;

A — Z/Cose (2)

If 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 a — 6/Z), where ;

a — 6/Z — (1 - CosO)/Cose (3)

In terms of the minimum required strain relief a , this defines a minimum value for the
f iber hel ix angle e. I
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0 > Cos i(l/l+°) (4)

The maximum allowable value for 0 is set by P , the minimum allowable radius of curvature
for the optical fiber .

P — D/2Sin20 (5)
so that;

0 < Sin”1(D/2P)~ (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 . 2,
corresponding to our own design constraints of a minimum fiber strain relief of 0.57. and a
5-cm minimum radius of fiber curvature. Note how confining the allowed 8--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-urn 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;

o > Tan~~~(irD/L) — 4 .57 deg (7)

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.

3. EXPERIME NTAL 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 philosophies for these four cables are described below. Test results will be given
in Section 4 .

3.1 . 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. Alterna’ively, it might be assembled 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 complexity 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 loadbearing 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 wag 5.41 deg; corresponding to a helix
length of 2 .95  cm , and a theoretical strain relief of 0.457. . Actual strain relief would
have been 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 647.
volume fraction within thei r annulus. This is reasonably close to the i~/4 theoreticallimit for squarecentered p~icking . Ideally, these filaments would have been incorporated
as a two-layer contrahelix , to improve flexibility while maintaining a zero-torque con-
figuration . We may attemp 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 th. cable with a void-free construction .
The cable ’s weight is 2.09 kg/km in air and 0.84 kg/km in seawater. Its average breaking
strength of 255 kg correspondu to a (cable only) safety factor of 51 for operations to a
depth of 6 km. The cable can carry a package with an in-water weight of 46 kg to this
depth , whil, 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
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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 o~ optical fiber . As this improvement
continues , the optical. fiber will be able to survives a much larger fraction (perhaps all)
of the S-Glass breaking strain. Finally , experiea..e 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 composites 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 hag 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 deleting the 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 O.17.---soniewhat 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 Fig. 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/lan, 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 lan. 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
winding 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
physical design constraints were imposed. The cable was to have a breaking strength at
least as great as the original unit, but was to be torque balanced. (The 2J69RC 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 gave the optical unit a safe handling tensica
of at least 15 kg (17. strain) during following assembly operations. Note that the core
has space available for up to 12 optical fibers . If all of these fiber8 were graded
index , the cable oo~4d have a bandpass of more than 1000 MHz over an 8-km length. In
addition, the coaxial configuration for the electrical section allows emergencj 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/Ian in seawater.
At its measured breaking strength of 16,800 kg, this corresponds to a (cable only) safety
fact or 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 Cabl e
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 att empted to improve that design while adding optical conductors.

V.
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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. The”~ subunits were joined in ano-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/Ian, it has a (cable only~ safety factor of 4.28for tethered operations to 6 kin . /

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 0.257. 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/lan) 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 night work to our advantage, by helping to identify marginal deficiencies
in the cable assembly operations.

• Fiber Geometry. The three optical units should have been assembled as a helix .
While this would have given littlc 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 mc~~e sensitive totensile 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 bt~low will be limited primarily to the cables described in Fig . 3, 4 and6, 8ince 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 Teats (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 run , 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/lan), 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 subjected to both tensile
cycling 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 407. 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
soie function is to carry a usefu’ load with minimum strain on the optical fiber---gives
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steel a decided advantage over S-Glass. T~e latter material gains its very high usefulstrength because a moderate (700,000 kg/cm~) tensUe modulus remains effective over a muchgreater 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 l oad per unit of relative
strain per unit ’of total cable cross section , then the two cables have a~.most identicalmoduli until a utress 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 sunmiarized below. (The high value shown for the tensile modulus of
the S-Glass filame.its is probably caused by an axial stiffening of the loadbearing
structure by the epoxy resin matrix.)

Strength (kg/cm2) Modulus (kg/cm2)
Conditions of Mean Value Comparison Steel S-Glass Steel S-Glass

Filaments or Wires On ly 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 dilenuna. 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 possib~,e 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 helix 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 Under 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 1/sec. Continuity of the optical fiber(s) and physical
condition of the cable structure were periodically checked .

The results are suninarized 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
flexur e capability (e . g . ,  100 , 000 cycles) , the S-Glass cable has a degradation threshold
at slightly more than 20% 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-kin 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 12.5
Cable Interior Floode d 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 shape.) 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) oi. 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/kzn when their
temperature was reduced to 0°C. At 70°C., the steel cable unit showed an attenuation
increas, of 2 dBflan. 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 shoved optical attenuation
values of 6 to 14 dB/km at 850 mm . (The history of its attenuation changes during cabling
is shown in Table 5.) During tensile testing , the cable ’s optical attenuation increased
as much as 10 dB/km at a load of 6900 kg. Attenuation increased by 1.6 dR/kin When the
cable was cooled to 1°C, and by 0.4 dR/Ian when it was pressurized to 700 kg/cm’. 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 dR/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 1-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 typical result is given in Fig. 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. Th’ cable yields.
however , at a highly localized point. Therefore, we conclude that th~ optical fibersbroke at a point in the cable which saw a much higher strain than the alue of 1.97.
indicated by the figure.

5. CONCLUSIONS AND RECOMMENDATION S

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

• Optical fibers can be incorporated !nto cable structures with little or no excess
loss. However, further development work is required if cable attenuation levels of S
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 th reshold of fibers with 17. minimum
strain over such lengths. When this parameter r.aches 27. over similar lengths, the
full capabilities of steel and KEVLAR-49 can be utilized . At 47. minimum strain ,
a lmost 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 performance.

• 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 parameters 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 is removed; but the arose section and weight of copper in the
cable remain essentially unchanged. Therefore , changes in cable weight, diameter and
safety factor are relatively minor . To ach ieve the full impact of fiber optic telemetry,
a number of additional design options should b. considered. (1) Use such lightweight
conductor materials as high strength aluminum or copper-clad aluminum . (2) Employ the
conductor in a dual mode ; e.g. copper-clad steel , which can serve as both the conductor
and the tension member . At 40g. conductivity, this material is available at a tensile
strength which approaches that of improved cabling steel. (3) Incorporate insulation
material, which have much higher resistance and breakdown level~i to transmit power athigher voltages. Where the conventional undersea work cable is used at an operating
voltage of 600 VRNS , levels to 3000 VRMS can be employed. (4) Redefine the undersea
system’s power transmission requirement so that it is equal to averag, payload power rate ,
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rather than peak power load. Use a recharging eye m in the payload to smooth power peaks
and valleys by storing and dispensing energy. (5) Substitute such lightweight materials
as KEVLAR-49 for steel in the cable ’s armor package. This last recoimnendation 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 IS 7
COPPER WIRES, EACH 0,098 CM, AS A LEFT HAND
LAY OF UNSTATED HELIX ANGLE , SHIELD CON-
DUCTOR IS A #33 AWG COPPER BRAID, INSULATOR
AND FINAL JACKET ARE HIGH DENSITY POLYETHYLENE,

S 
EXTRUDED TO DIAMETER S OF 0.706 CM AND 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 WIRES ARE 0,185
CM, AS 18,6-DEGREE (LU) HELIX,

1< 1,7142 CM >1
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 PFI4 POLYESTER

________________________________________ ____________ 

ELASTOMER

SPECIFIC GRAVITY 2.15 1.25
MELT ING TEMPERATURE (°C) 305 218
MELT INDEX (GM/600-sEc) 9-42 12,5
ULT IMATE TENSILE STRENGTH (KG/cM2) 280 400
TENSILE MoDuLus—-—O-5~ RELATIVE
STRAIN INTERVAL (KG/cM2) --- 2800
FLEXURAL MODULUS (KG/cM2) 6600 5200
ULT IMATE ELONGATION (Z) 300 350
HARDNESS (DUROMETER) 60 72
WATER ABsoRPTIoN PER ASTM D570 (%) O~O3 “Low”

CHEMICAL RESISTANCE EXCELLENT EXCELLENT

—

—~~~~~~~~~~~ - .- - - - — . .. - - 
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.05 .10 .15 .20 .25 .30
MEAN HELIX DIAMETER (cM)

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 L U B R I C A N T  PLUS OVERCOAT OF TEFLON
(PEA) io 0,0381-CM DIAMETER ,

--SECONDARY BUFFER OF LOW SHORE, LOW
MODULUS ELASTOMER (AIR LOG I STICS
# 240-1) TO 0,0635-cM DIAMETER,

--LOADBEARING STRUCTURE) 9840 PARAXIAL,
HTS-901, S-GLASS FILAMENTS IN A

I ’—’0.127 CM ” ”
~’( POLYAMIDE-MODIFIEDJ AMINE-CURED, EPOXY

RESIN (AIR LOG ISTICS # 380—4),

Figure 3. A lightweight, miniature, optical cable.

STEEL STRANDS
---114 WIRES, EACH 0,0206—cM DIAMETER,
—-—SEVEN-WIRE STRANDS ASSEMBLED WITH

10,3-DEGREE (LH) LAY ANGLE ,
--—WIRE TENSILE STRENGTH 21,100 KG/cM2,

• OPTICAL FIBERS
0,153 -——FIBER DIAMETERS ARE 0,0127 CM.CM ---FIBERS OVERCOATED WITH SILICONE RTV

ASSEMBLY

I 
~~ & TEFLON (PFA) TO 0,0381-cM DIAMETER ,

———ABOVE UNITS CABLED WITH A LAY LENGTH
OF 2,59 DEGREES (RH),

1< 0,173 CM >1 —-—HIGH DENSITY POLYETHYLENE OUTER
JACKET TO DIMENSIONS SHOWN,

_______________  - -  

Figurs 4. A twin-fiber, miniature , optical cable. 

— 
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--1420_DEN’ER KEVLAR-49 CENTRAL STRENGTH

JACKET TO 0,155—cM DIAMETER .

——S IX OPTICAL FIBERS (4 STEP INDEX &

MEMBER IN LOW DENSITY POLYETHYLENE

- 

- 
DIAMETER WITH SILICONE RTV AND TEFLON
2 GRADED), ALL BUFFERED TO 0.0381-CM

(PFA). FIBERS . AND 6 NYLON SPACERS ARE
• CABLED AROUND THE CENTRAL CORE WITH A

4,28-DEGREE (RH) HELIX ANGLE,

--TEFLON (TFE) TAPE AND POLYURETHANE

4 0,333 CM >1 JACKET TO DIAMETER SHOWN ,

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

-— OPTICAL CORE, 6 FIBERS, IDENTICAL
TO UNIT SHOWN IN FIG, (5),

--ELECTRICAL SECTION. ALL WIRES ARE
0.0386—CM—DIAMETER COPPER. INNER
CONDUCTOR HAS 24 WIRES SERVED WITH
33—DEGREE (LH) HELIX 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
IS JACKETED WITH HIGH DENSITY
POLYETHYLENE TO 1.125—CM DIAMETER.

-ARMOR SECTION. INNER LAYER IS 18
GXTP STEEL WIRES, 0,203-CM, SERVED
WITH 24-DEGREE (RH) HELIX ANGLE ,
OUTER LAYER IS 36 GXIP STEEL WIRES,
0,130—CM, SERVED WITH 20-DEGREE (LU)

1< -1.796 CM 
HELIX ANGLE ,

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

--OPTIcAl. SECTION; THREE BUFFERED, STEP
INDEX OPTICAL FIBERS, EACH RUGGEDIZED TO
A DIAMETER OF 0,127 CM WITH A MATRIX OF
S—Gi.~ss IN EPOXY RES1N. 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 CM, IN A 14,6-
DEGREE (RH) HELIX. OUTER ARMOR CONTAINS
36 WIRES, EACH 0,119 CM, AS 11,6-DEGREE
(Lii ) HELIX ,

C 1,562 CM

Figure 7. A three-fiber , deep ocean , electra-optical cable.

- - - S-~~~~~
”——___-—__ - — - 

-~~~~ 
- ---5--- —

-‘ —i- -
. -- 

~~~~~~~~~ :~~- ~~~~~~ —



4-14

Table 2. Attenuation history for the cables in Fig. 3 and 4.

ATTENUAT ION (DB/KM AT 0.13 NA)
TEST SUBJECT

______________________________________ 

850 MM 1060 NM

SINGLE-FIBER CABLE (FIG, 3)
As MANUFACTURED/BUFFERED 7.3 5,0
AFTER CABLING 7,75 5.0

TWO-FIBER CABLE (FIG, 4)
As MANUFACTURED/BUFFERED
(IESTED AS ONE FIBER) 5,6 2,8

AFTER CABLING
FIBER A 4.8 1.8
FIBER B 4,8 3,7

Table 3. St~~ ary of tensile tests for the miniature cablesin Fig. 3 and 4.

TENSILE TEST PARAMETER FIG, 3 FIG. 4
CABLE CABLE

MEAN LOAD AT BREAK (KG) 255.4 122.5
COEF, OF VARIATION (Z) 1.2 1.3

MEAN LOAD; 0,2% STRAIN OFFSET (KG ) 108,9
COEF , OF VAR IAT ION (%) *•e•* 5 3

ULTIMATE STRAIN AT BREAK (Z) 4.58 1,93
COEF. OF VARIATION (%) 7.5 8,1

INITIAL TENSILE MODULUS (KG/cM 2 ) 434.000 418,000
COEF, OF VARIAT ION (%) 7.1 9,8

CORRELATION OF:
YIELD LOAD TO ULTIMATE LOAD +0,39
ULTIMATE LOAD TO ULTIMATE STRAIN -0,11 +0.21
ULTIMATE LOAD TO TENSILE MODULUS +0.25 -0,05
ULTIMATE STRAIN TO TENSILE MODULUS -0.99 -0.51

_ _ _ _  I 
~~~~~~~~~~~~~~~~~~~~~~~
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300 I I I

250
STRANDED-STEEL CABLE
UNIT OF FIG , (4)

200 ‘

0.2% STRAIN OFFSET /
AT 108.9 KG /

.3 150 - 

/ S-GLASS CABLE UNIT
I / OF FIG. (3)

100 ’ /

50

0
0 .01 .02 .03 ,04 ,05

RELATIVE AXIAL STRAIN

Figure 8 Typical load/strain curves for the miniature cables
in Fig . 3 and 4.

25 I

S-GLAss CABLE UNIT
OF FIG, (3)

I
~~ 15
z

U)

~
1O_

/
/

/ STRANDED-STEEL CABLE.— 5 UNIT OF FIG ,  (4)

0 I I

0 .01 .02 .03 ,04 .05
RELATIVE AXIAL STRAIN

Figure 9. Typical stress/strain curves for th. miniature
cables in Fig. 3 and 4.
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FORCE

FLEXURE SAMPLE

TERMINATION

/ 1/ / 7~, f//I
Figure 10. Fixture used for loaded flexure tests.

Table 4. S.mniary of flexure test results for the miniature
cables in Fig. 3 and 4.

CABLE UNIT 
TENSILE LOAD 

COMMENTS
FROM FIG # KG RELATIVE

3 51.3 20% OPTICAL FIBER FA ILED AFTER 418,000 FLEXURE
CYCLES. CABLE PHYSICAL STRUCTURE UNDAMAGED
AFTER 907,000 CYCLES ,

3 51,3 20% OPTICAL FIBER FAILED AFTER 197,600 CYCLES;
BUT No STRUCTURAL DAMAGE AT 310,000 CYCLES.

3 77.1 30% OPTICAL FIBER FAILED BETWEEN 15,000 AND
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.

4 24,5 20% No PHYSICAL OR OPTICAL DEGRADATION AFTER
- 

, 101,850 CYCLES,
4 49.0 140% ONE OPTICAL FIBER FAILED BETWEEN 90,000 AND

95,000 CYCLES,
4 49.0 140% No DEGRADATION NOTED AT 55,000 CYCLES, BOTH

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.3., 1976)

FIBER ATTENUATION (nB/gui AT 820 NM )
FIBER FIBER 

BEFORE As OPTICAL BEFORE 2ND AFTER COAX AFTER CABLEH TYPE CABLING SUB—BUNDLE CONDUCTOR JACKETING ARMORING

1 GRADED 5,3 6,8 7,2 15,6 15.4

2 GRADED 12,3 17.3 12.7 16,1 11.4

3 STEP 6.8 8.0 6,6 7,4 7.14

4 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

20,000 I I I I

~~~~~~~~~~~ 

CABLE 

-

.16,000 / ~~~~~~~~~~~~ BREAK -

0.2% STRAIN OFFSET

!12,ooo~

8,000 -
z
‘UI—

4,000 -

0 I I I I

0 .005 .01 .01.5 .02 .025 .03
RELATIVE AXIAL STRAIN

Figure 11 . Typical load/strain curv. for the 6-fiber , deep ocean
work cable in Fig. 6. Tb. solid circi . r.pr.s.nts - 

-the load and strain at which all optical fibers broke .

_ _ _ _ _ _ _ _ _ _ _ _----a
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FIBRE-OPI~ICS FOR Duras~s APPLICATIONS IN TUE UK

B. Ellis
Space Department

Royal Aircraft F~tab1ishmentParnborough
Rant.

and

V. S. Niool
DCVD

Ministry of Defence
Rapresu Stat e ~ ,i1ding

London

ABSTRA~1’

The Philosophy underlying the choice of part ioulsr types of fibre—optic eystems for .11 itary
appliostions is discussed . Some exieting e.M planned systems are desoribed together with details of
supporting component d.velopmsnt.

1. III TRTUCTION

The idea of using optical fibres to transmit date, over appreciable distances was conceived a
little over 10 year. ago by Kao end Rookham (1966), working in Standard Telephone Laboratories at
Rarlow in the United Kingdom. In the intervening decade the development of fibre—optics has been
vigorously pursued in several countries. While the long distance civil teleooamuntoations
applicat ions have been well to the fore in st imulat ing this activity it is nevertheless the case
that thu advantages of fibre—optics for military systems were appreciated at an early stage.
This i. laportant sinc, the j ustification for the military use of fibre—optics is generally quite
different fro, that of civil applications for which lower overall system coat is the sole
motivation. I~ny benefits are sought by military users and the potential advantages have beenlisted too frequently in the past to require repetition here. It is, however, worth noting that
although the part icular advantage. stressed for any given application depend upon the nature of
th. applicstion (the strongest advantages for avionic. may differ from those for naval systems,
for example ) it is usually an advantage steaming fro, the good elect romagnetic compat ibility of
optical fibres which is moat important. The attraction. of a t ransmission medium which does not
appreciably radiate or pick up elect romsgnetio rad iat ion are obvious; in addit ion ground loop
problems are often solved by the isolation achieved with a fibre—optic link.

Two other general observations concerning nil itary applications should be noted. Firstly,
the severity of the environsental constraints of many military applications far exceeds that
applying to civil uses. Secondly, many mu itary applications cover only quite modest distances
and often involve only moderat. data rate.. It is thus clear that, while many a.peot. of fibre—
optio develo~~~nt are ocamon to both the etlitary aid civil fields, there are also many areas
is which the .epsrats development of components for military applicat ions has been, .id will
contism. to be, essential. Before considering in detail the military appl ications of fibre—optics
within the UK it i. therefore instructive to review the developments which have led to our present
capability aid to outlin. the philo.opby underlying our plan. for the future.

2. C(*IP~~ENI! DEV~~OP1~~ f II TEN UI

2,1 Components for Bundle S3wte

In the UK, as sl.embsre, the f irst interest mes in systems employing fibre bundles, due to
th. earl ier availability of fibre. in bundle for., aid to the simpler lsunohing requirements of
buidlea.. Thus JN~ funded component development am. originally concerned principally with fibre
hurdles end led to the availability of fibre bwdlea with high ,eamerioal aperture aid quite low
b e. (i& - 0.48, 100 dB/~ia, Pilktrrgton), low loss oo~~~ctor. (1.5—2 dB, Plessey Co ) and a high power
high radiance source dssigesd especially for bundle systems (launching 2.5 eW into a 400 ~m
diameter bundle of NA 0.5 at 200 ad drive . A ,a,.ber of prototype .ystems using fibre bundles have
been built , providing much valuable information and sk1i~g a uae ..!ul foundation for the use of
bundles in s~~~ of the simpler current ant future systems.

2.2 Single II,lti.ods Fibre Components

Attention has now turned to single malt i.ode fibre systems. laong the reason. for this are
the far lower connector loss poe.ible with single fibres , the poe.ibulAty of active branching .nd
the li~~lihood of greater stre ngth in a properly prot.ct.d single fibre. Until comparatively
recently the choice of fibre core at.. has been largely constrained by factors etemaing from the
fibre wmfsoturthg process. Ra.~ ver, the advent of plastic olad silica (~cs). fibre has made the
mearfactura of large core fibres simple and it is now possible to consider the use of fibre. with
cores 200 ,m or sore in di~~~ter. Since, as noted earlier, n.y applicat ions involve relat ively
abort distances Ld low data rats. the use of large core fibre of relatively high IL imposes no
disadvantage.. The upper limit to th. core di eter is set in practios by the increasing stiffneaa



of the fibre . Connector problems are greatly eased by’ the use of large core sims., making PCS fibre of
considerabl, interest for so~~ appl icat ions. Development of PCS fibre is being uidertaksn at STL (with
CVD funding) aid attenuation as low as 20 dB,~ m at 820 ne has been achieved.

For appl ications for which PCS fibre is not suitable the use of doped silica/silica fibre is
envisaged .nd cable, incorporating such fibre are being developed at OPX~ aid STL. It i. ri tewort hy’ t hat
the demountable connector developed by STL with CVD fund ing, has been de.on.trated in the laboratory’ to
have a loss ....1 dB using 85 ~s core fibre ~Bedgood et al 1976). This connector utilisee the watch jewel
ferrule technique of which details he,ve been given elsewhere. Thu. the anticipated low connector loss
with single fibres has already been demonstrated in the laborato ry; connectors for field use are currently
being developed , although it may be noted that a field—worthy version with a slightly h igher loss is
al ready available in a standard •ilitary connector shell.

Active branching, in which a fraction of the radiation propagating in a fibre may be coupled out
is an import ant potential &~iantag. obtainable with single fibre.. The leaks mode coupler (Stewart and
Stewart, 1977) is a device which .ay function in this way. Jot only does this device , development of
which i. being sponsored by CYD at the Plessey Co, giv, the possibility of active branching but it is
also oe,pable of application as a branching device in a Rclip_on~s mode with bare fibre; this eliminate.
the insertion los, associated with .ore conventional branching devices. The dev ice may also be used to
teed power into a fibre.

For many WI) applications an incoherent emitter in the for, of a high radiance L~~ is suitable.
The development of such a device for use with buidlee has been referr.d to earlier. In addition to this
a very high speed ffl~ L~) is being developed , by the Plessey Cc, for use with single fibre systems.
Already analogue modulation to beyond I OHs (3 dB point) has been demonstrated with encouragingly high
radiance.

Sol id state laser. development at S1’L, under CVD sponsorship, has led to encouragingly long lived
device., having a median life of 25000 hour. under moderate (2—3 mM) output powers. These lifetimes
are improving with burn—in. Degradation is observed by an increase in threshold current density alone
aid 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 .odule employing either an L!I) or a laser is under consideration.

It will be apparent that only one type of coepon.nt is not currently under development end that
is the detector. At present oomasrcially’ available devious have adequate performance to meet systems
needs.

3. APPLICATIONS CI FIBRZ-0F1~ICS IN MILITARY 5IS’?O~
3.1 Ground Based Systems

The use of fibre—opt ice in the Ar.y’s future battlefield co rnioat ions system, project Ptaruigan,
is being actively considered. In this application high frequency cable up to 2 km in length may be
replaced by fibre-opt ice. The advantage sought i. that of reduced electromagnetic interference but
savings in cost aid weight may a lso be obtained . Fibre-optic cables for this application must withstand
the fUll rigour, of the severe battlefield environsent aid must, for example, tolerate vehicle, of all
kinds being ariven over t hem.

3.2 Naval Syst~~~

An exper imental 120 a fibre bundle li nk, using Pilkington fibre, has been installed in SW) Tiger
to link the bridge with radar equi~~~nt. Thi. has provided valuable experienoe of installation
procedures for bundle systems; in this instance, toy example , it was found to be essential to fit the
ter m inating fe rrule , after the cable had been installed in order to avoid undue stress at the
terminations • The link involves 25 herds of 3 inch rad ius, passes through 3 watertight bulkheads aid
over 2 expansion joints. It has functtoms~ rw~isfsctorily since it5 installation in JUly 1976.

Fibre—opt to l inks are siso being considered for underwater applications inoluding a life support
syste. link for divers relaying data on the physiological parameters of diver, when working. A short
trial link within an underwater vehicle ham also been tested.

3.3 Avionic Appl icat ions

FUture ailitary’ aircraft will almost certainly incorporate some form of data bus linking the
oomput.rs, displays, navigation system and various sensors . Such a multiplexed system may be purely
electrical but it is clear that fibre—opt ice could be used to advantage, particularly in alleviating
problems with elect romagnetic compat ibility.

This is especially true In .odern aircraft oonstruoied from largely’ non-metallic material..
As a precursor to a full data bus an experimental point—to-point link has bean developed by ~ rooni-
Elliot t for ~~~ to oonve7 5 I bard st~~~ls over distances of up to 30 a; it is termed “Minilink” and
uses a fibre bundle in oonjsmetion with a high radiance LW) source. Studies of environsental effect.
on this link are being undertaken at ~~~~~~~ , Ral,ern. Some work on optical sensing devices, particularly
pressure .ensor, for engine applications is also underway. FUture data highway’ appl ications are
lihsly to employ asny of the co.ponsnts currently under development aid described in section 2.

- ~~~~-~~~~~~-:~~~~~~ ~
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Fibre-opt ice is also likely to be employed in the coamanicat ions systems of future aircraft • Where—
ever it is necessary to pass high frequency signals any appreciable distance within an aircraft the use of
fibre-opt ice become. attractive. Thus optical links are being developed for analogue use in the 225-400 NH.
oo anioation bath. For this purpose the fast high radiance LW) described in section 2.2 will be used.
The object ive is to launch 100 ~aW into a fibre of 85 ~m core with 0.16 NA at frequencie, up to 400 IRs.
The required frequency’ response has already been obtained, indeed modulation to frequencie. well beyond
1 OH. has been demonstrated. It is planned to achieve the required launched power by the incorporation
of a lens into the LW) structure. Jot only will this source meet the analogue t ransmission requirements
it will also serve to meet any future high data rate digital needs that may arise.

4. CO*~UJSIO.W

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

Alan R. Johnston
Jet Propulsion Laboratory
Pasadena , California 91103

SUMI-IARY

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 vtdeo 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 .

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 tran3mission 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 widebarrd multiplexed data link at Kennedy Space
Center will be summarized. Another near-term application involving on-site data
transfer is a building-to-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 oriefly
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-
tid e 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 sunmiarized.

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 deviceswill then be described. In addition , an interesting investigation of the possible use
of fiber waveguides 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 ore 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
oplilons presented are those of the author and do not necessarily represent an
official NASA position .
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2 .  GROUND-BASED APPLICATIONS

There is a great variety of possible ground-based app lications for optical
fibers . The motivation to pursue these applications results from the promise of lower
cost because of t he hi gher information throughput of fibers as compared to a copper
t ra nsmission line and the great ly  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.

2.1. 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. I). 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
(FCTR), 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 s 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 (Multip~~xed 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 mi;ht be accommodated by changing plug-in modules at the termi-
nals without affecting the wideband fiber link itself. Even the direction of data
transmissio~ on a given fiber could be reversed by changing transmitter and receivermcd~f es . The user of one individual data channel need not be aware of the details of
t~~: in’~lti plexed 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/kin loss and a 600 MHz-kin 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 f iber cable made at KSC is compared with samples of the
present multichannel wideband cable in Fig. 3. The prototype is very similar to the
cab le that will be installed in the underground conduit (Ref. 2). If optimum mul t ip lex-
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 1-km lengths , and will be pulled
into subsurface conduit by co’ventional techniques . The total number of splices
required per fiber to make up the run will be determined by the practicalities I
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
multip lexed 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. Initial 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 thc 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 .
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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 plast ic—
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 coat that can be
expected with fiber-optic transmission .

3. SPACE APPLI CATIONS

App lications 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 Shut t le era in space tr anspor tat ion , 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 such 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 s implif icat ion of the ENI 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 appiication selected for study at JPL is the data bus portion of a
spacecraft Unified Data Systen.(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 spacecraft.

3.2 . ~~~~ Ervironment

Before applying a new technology such as fiber optics on spacecraft , it is
necessary to examine the ef fec ts  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 .

— ~~~~~~~~~~~ —



6-4

The initial JPL study of the Shuttle Orbiter CCTV system indicated that a
worst-case temperature range of +1200 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 ~8Oc~C. The all-plastic fibers are also not suitable for the entire
_1500 to +1200C 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 silj,ca types being quite insensi-
tive . The range of sensitivity approaches a factor of 100 between softes t and hardest
glasses. However , laboratory experiments to date use much higher dose rates and shorter
expos ire 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 losB 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 ap~,roximate; they are intended to convey only an idea of the order ofmagnitude 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
shield out . The 106 rad dose for Jupiter orbit should be a rough value for the internal
dose 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-n length of fiber ,
representing approximately the attenuation margin that would have to be provided in a
spacecraft link to allow for radiation effects. The induced lose coefficient is that
reported for large dose .

Again, these figures are approximate and are intended to indicate only the order
of magnitude of the effects to be expected.

- S
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Table 1. Representative Radiation Dose

No Shieldin
Type of Mission (Total Dose

Low Earth Orbit lO~-l0~ rad/yr

Synchronous Earth Orbit 106 rad/yr

Jupiter Orbiter 106. rad

Table 2. Radiation-Induced Fiber Loss

Large Dose
Induced-Loss Induced Loss/3D in (dB)

Fiber Type Coefficient 
______ __________— _________

dB/km rad 102 rads l0~ rads 106 rads

Fused-Silica ; Suprasil I lO-.~ - “P0 0.3

Plastic-Clad Fused Silica l0~~ 0 3 d 3d 3

a
Corning-Type B CVD lO~~ 3d - 30

Galileo K 2K Glass 2a 6 - -
Pilkington Hytran Glass 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-DuratLon 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 experiment 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-rn 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-rn 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
lO-M bit rate . A block diagram illustrating the experimental layout is shown in
Fig. 5. 8it-error-detection logic will be provided in each test circuit , and errors
will be acctjnulated and recorded for later analysis (Ref. 12). A variable decision
threshold in the fiber link receivers will be used to determine fiber loss A j ,. ~~i~”

7;
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microprocessor cont rol ler wi ll 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
V 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 .

4.1. 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 in 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 um. 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

Manufacturer Attenuation Core
and (dB/km) at Numerical Core Core Clad Diam Sheath

Designation A — 820 nm Aperture Index Material Material (urn) Material

ITT 20 0.25 1.46 Silica Silicone 135 Teflon
Plastic-Clad Polymer
(PS-05-4O)

ITT Step 8 0.25 1.48 Doped Doped 50 Teflon
Index CVD Silica Silica
(GS-02-l0)

Corning Step 6 0.18 - Doped Doped 85 Opaque
index CVD Silica Silica
(79-W-0 l)

DuPont 90 0.4 1.46 Silica Polyme r 200 -

P lastic-Clad
(P F X-S 120-R ) 4

_ 
_ _ _  

I
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is  t h a t  some of the  li ght  launched in the cladding of a short l ink  reaches the detector ,
and this portion of the total received power is influenced by temperature changes in the
p r o t e c t i v e  pol ymer sheath  m a t e r i a l s .

The cause of the  d ramat ic  c u t o f f  observed in the s i l icone-c lad, fused-s i l i ca
f iber  at -80°C is the tempera ture  c o e f f i c i e n t  of the index of r e f r ac t ion  of the
pol ymer -c ladd ing  compound which d i r e c t l y  a f f e c t s  the numerical  aper ture  (NA) of the f iber .
The change in index of a s i l icone compound s i m i l a r  to the c ladd ing  on our f i be r  sample
was measured  by the minimum devia t ion method , and the resu l t  is shown in Fi g.  7.
No marked change in slope is observed.

S ince  the  t r a n s m i s s i o n  loss is due to the decreas ing  NA of the f i be r , transmis-
sion changes should not depend on f ibe r  length - an expec ta t ion  confirmed by exper iment .
The p o s s i b i l i t y  of compressive force exerted by the te f lon  j acke t  a f f e c t i n g  the cladding
index was considered , but tests of a special fiber without the teflon jacket yielded the
same t ransmiss ion  vs tempera ture  curve .

The DuPont- type  of p l a s t i c - c l a d  f ibe r  uses a d i f f e r e n t  cladding pol ymer.  Tests
of this fiber type , although made with a rather short samp le , indicate a qu i t e  d i f f e r e n t
tempera tu re  dependence (as seen in F ig .  6 ) .  I t  is not known yet  whether the observe d
tempera tu re - induced  loss is a consequence of chang ing f iber  NA , or whether a
tempera ture-dependent  loss mechanism is e f f e c t i v e .

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 l ight  sources which are app licable to
f i b e r - o p t i c  data t ransmiss ion . Most of this  work has been concentrated on demonstrating
l o n g - l i f e , room-temperature , CW-inj ection lasers , an important  component for f i be r - l i nk
t r ansmi t t e r s, because of the i r  fast  response and a b i l i t y  to be e f f i c i e n t l y  coupled to
f i b e r s .  Some exp loratory study of p lanar waveguide components has also been done .

Most of th is  work has been performed under cont rac t .  Development work on CW
lasers using the GaAlAs system has been supported at RCA Laboratories ( R e f .  13) . and some
e f f o r t  has also been directed toward planar waveguiding techniques ( R e f .  14) . More
recently , techniques were investigated for fabricating injection lasers that emit at
shor ter  wavelengths so their emission would be visible (Ref. 15). The GaAsP system was
also invest igated , as well  as the more famil iar  GaAlAs sys tem.  Room-temperature CW
operation was achieved at 7400A with GaAlAs , and operation at 6520A was achieved at 77°K
in GaAsP devices. The initial interest in visible-emission lasers was related to
instrumentation applications involving interferometry, but the same devices are impor-
t an t  because this is the wavelength reg ion for lowest a t tenuat ion in the DuPont type of
p l a s t i c - c l ad  fused-s i l ica  f i be r .  In addi t ion , an inves t iga t ion  of d i s t r ibu ted  feedback
laser techniques has been reported (Ref. 16).

More r e c e n t l y ,  in terest  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 u in ject ion
laser to take advantage of the very low fiber attenuation which has been reported there .

4.3. Fiber-Optic Ring In terferometer

An applicat ion of fiber optics in a cc. mp letel y di f fe ren t  area (rotation sensing)
has been under invest igat ion by Vali  and Shorthi l l  of the Universi ty  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
inrerferometer to rotation can be increased many-fold (Ref. 18). In fact , if a ring
ligh t 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 investigating sensitive AC-detection techniques needed for
readout of the very small fringe shifts expected in a high-performance optical gyro .

S. 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 o f f e r .  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 orde r 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
examp le , 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~~ help solve a great number of information transmission problems .
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FUNDAMENTAL MODE SIGNAL TRANSMISSION IN SINGLE- AND MULTIMODE FIBRES

K. Petermann , H.-G. Unger
Institut fUr Hochfrequenztechnik

Technlsche Un1vers1t~t Braunschweig
D—3300 Braunschweig

W-Germany

SU~ 4ARY

In single-mod e operation of single- and mu lt imod e 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 loss occurs, which , however, becomes neg li gibl e as long as the fundamenta l mode spots ize 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 single-mode fibre In form of a cladded—core— or
graded—Index fibre. Another possibility for a single—mod e fibre is the W—fibre as shown in Fig. lb
(Kawakami , S. and Nishida , S., 1974) with a relatively large refractive Index difference (nl—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 hi gher order modes are leaky and thus attenuated due to
the outer cladding of the higher refractive index n .  Another possibility for attenuating higher order
modes is to insert discrete mode filters (Fl9. Ic) i nto mul timode f ibres (Furuya, K. et al., 1975). We
then gain the advantage of using low—loss muitimode fibres for the “fundamental mode transmissions.

2. SINGLE-MODE RANGE

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

V • ka /n~ —
is introduced, with k denoting the free space wavenuster. A cladded—core fibre or a fibre with truncated
parabol ic profile become single-moded for V ~ 2.4 or V < 3.53, respectIvely. A W-ftbre of Fig. lb Is des-cribed by the W-fibre parameter

Vw • ka /n~f- n~
the refractive index difference ratio

6 (n 1—n2)/(n 1—n3)

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 I E -mode and the next higher LP11—
mode f or small diff erences between the refr ac t ive indices n1, n~, and n~. For a given c, the single—moderange li es in between the corresponding cutoff-curves. In case of c • 1.2, for example , the single—mode
range is represen ted by the shaded area. The fibre transmission line of Fig. ic also behaves as a single—
mode fibre, if the Mode filters l.t pass the fundamental mode, only. The design of such mode filters , how-
ever, will not be oiscu ss ed in the present work ,

3. SIGNAL TRAN SMISSION

bNlen Investigating signal transmission, the dispersion and at tenua ti on characteristics must be
stud led ,

Due to the emission bandwidth of the optical source (usually a laser) material- and mode disper-
sion 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.

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.

V
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 light) at which light is emitted. When considering
a plane wave propagating through a homogeneous medium of refractive index n5(f), the delay per length rNIs given by

1 d(f•n1(f))TM c  df

The delay r11 also depends on the wavelength A • c/f of the emitted light, When denoting the delay at a
wa velength A, • c/f. as TMO’ TM may be expanded in terms of ascending powers of (f—f,):

dr 11 i d
2T11

- 1110 + ~~~~~~ ‘(f—f ) + 
~~~~~~ 

‘(f—f0) . (2)
f—f0 f—f0

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

For fused silica , the dispersion coefficient dtM/df is shown in Fig. 3. This coefficient is posi-
tive for A < 1.28 pm and turns negative for A > 1.28 pm. For A 1,28 pm, the dispersion coefficient
van ishes, thus the material dispersion is reduced to an effect of second order. A numerical value for this.
lower dispersion limit has been given by Arnaud (1976). He typically obtains for the minimum pulse broade-
ning :

— 0,0018 (~f 11Hz))
2 ns/km . (3)

For a typical spectral width &~ — Af (A/f) — 20 ~, eq. (3) yields a pul3e broadening of only
t~t • 0.23 ps/km (4)

In order to make use of this remarkably low dispersion, lasers with fast modulation , fibres wi th Jow atten-
uation and suitable photodetectors at a wavelength of about 1.3 urn 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 O~8 - 0.9 pm as it is usua l ly 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 mode propagation cons tant B depends on the fibre parameter V and therefore also
on the light wavelength A. Because of this dependence even in fibres with wavelength independent refrac-
ti ve Index a dispersion occurs which is called mode dispersion. The fundamental mode delay tm can be
written In a form similar to eq. (2), without material dispersion the coefficient drWdf then describes the
magnitude of mode dispersion , In case of small index differences between core and cladding, mode disper—
s ion is usually much smaller than material dispersion and can be neglected as long as emission wavelengths
with non—vanishing dTp.Jdf are considered.

For conventional single—mode fibres according to Fig. la, the mode dispersion coefficient drWdf
has a positive sign. In the wavelength region of A • 0.8 ... 0.9 pm, drWdf according 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, ne dispersion
coefficient dr./df may become negative , as shown in Fig. 4a. In case of a cladded—core fibre , the minimum
value of d’rddf Is obtained for a fibre parameter V - 4.5, The magnitude of this minimum strongly depends
on the refractive Index difference ~ — (n1 —n2)/n1, as shown in Fig. 4b,

In such a fibre, material— and mode dispersion have opposite sigvs, thus, at least in principle,
a compensation is possible. For this compensation we must require dtm/df —d twdf. For a wavelength
A • 0.85 pm this  requirement is met according to Figs. 3 and 4 for a relative refractive index difference
• 0.1. The dispersion then drops to similarly low values as in eqs. (3) and (4).

From the technological point of view, however, the realisation of the above large refractive index
difference is quite difficult; furthermore very small core radii are needed. For t~ • 0,1, V • 4.5, and

• 0.85 pm, the core radius must be made as small as a • 0.9 pm.

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

/
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- 4 t, the realisation of which might be possible. We then also obtain a larger core radius ,
a • 1.9 pm, 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 jeode filters also a continuous filtering is possible by use of the W—profile according to Fig. lb.
The resulting dispersion coefficient for the fundamer i~ mode in N—fibres Is shown in Fig. 4. by the
dashed curves. A refractive index difference ratio 6 ~n~-n2)/(n1—n~) — 10 and radii ratios c — 1.4 andc — 2.0 are assumed. The upper scale denotes the W—fih~e parameter Vw 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 d ispersion prob lem might become more difficult , however , when core an d
cladding differ in their dispersion characteristics, This particular problem has been analyzed by
JUrgensen (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 rig. 5,

Due to microbend ing, the fundamental mode propagation is degraded in two respects:
a) The fundamental mode suffers a microbending loss.
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 mooe ~~ the quasi—mode, only.

When apply ing a simple model for the quasi—mode (Petermann , K . , 1976b), the microbending loss ~with respect to the fundamental mode power is obtained as

= (1/2)( kn 1 w0)
2 $(l/(kn1 w~))  (5)

with the fxee space wavenumber k and the refractive index on the fibre axis ni . wo is a spotsize parameter

7 w~ =f  r~ E~ (r) dr if r E~(r) dr , (6)

where E0(r) denotes the fundamental mode field and r the radial coordinate. In case of a Gaussian field,
for example , w, denotes the radius where the intensity has dropped to 1/c of its maximum value. $(fl) re-
presents the power spectrum of curvature

• lim 
~ Li 

(1/R) e”~~ dzL2 (7)
L~~

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 w02 are intro-
duced:

= (1/2)(kn1 w02)
2 $(1~~n1 wg1)) . (8)

Fig. 6 shows the spotsize parameters wo, wok , and waz 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 eqs. (5) and (8), the power spectrum of curvature imist be known. Theoretical conside-
rations (Gloge , 0., 1975; Olshansky, R., 1975) indicate that the power spectrum of curvature may be
~~itter in form of a power law :

• C/cl2~ (9)

a constant coeff icient C. The curvature spectrum is characterized by the parameter p, where p • 0
“responds to a flat power spectrum with zero correlation length , whi le p • 1,2 accoun t for the more
-. -

~~~ ‘ f tuat$on of larger correlation distances.

~t “as been shown (Pet.r nn , K., 1977) that eq. (5) yields e~~ct results for p • 0, whIle
- - ‘. - ‘  ... ct tn case of p - 1, independent of any specific refractive Index profile. 8eyond these

~~,t__ ~~~~~~~~~~~~ —
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special cases, eqs. (5) and (8) represent excellent approximations also for other power spectra as long
as w0, w0~, w0~do not differ too much from each other. But even in case of some diff erence between w~,w,~, and w 02 as, for example, In case of a cladded—core fibre with fibre parameter V — 1.5, eq. (8) de-
viates less than 20 S 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—va lues.
Therefore eqs. (5), (8) represent excellent approximations for the fundamental mode microbending loss in
conventional single—mode fibres and multimod e fibres of practica l interest.

For a W—fibre according to Fig. ib, 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 eqn. (9). In F4g. 7a,
the parameters V

~ - 2.4 and 6 = (n 1-n2)/(n 1—n 1) • 8.75 are chosen, an d c — 1 represents the convent ional
cladded-core fibre.

For p - 0, eq. (5) yields exact results; for p ‘ 2, it deviates by less than 10 S from exact
results if only the radii ratio is c — 1 or c > 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 n~. This pecul iar behavio~j r cannot properly be described by only introducing the spotsize parameter
w, 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,1—fundamental mode cutoff. Fibres of practical interest will be designed closer to the
cutoff of the next higher LPu—mode, as , for example, the fibre indicated by a circle in Fig. 2 with para-
meters V~ — 3.0 and 6 = 5,6. For those parameters, Fig. 7b shows the ratio of accurate microbending lossto the approximation from eq. (5); under these more practical conditions, the differences are less than
about 10 S. The agreement is much better in this case since the fields (in the outer cladding) decay
faster and therefore their contribution to the microbend ing loss becomes smaller.

Fig. 7c shows the spotsize parameter w~ 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 N—fibres, if the fibre is operated close to the cutoff of the next higher LP11—modes. Otherwise the
accurate value for the microbending loss is larger than the value of the approximation.

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

y — ~~~~~ / A~
2
~
’2
~ . (10)

For fixed wavelength, the microbending loss ~ increases wi th 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 w, ~ 3A (Peterinann, K.,
1977). The proper ..ore 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 spotslze on the fibre parameter V.
The relative dependence o~ 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 (Naslowski , 5., 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 reconversion 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 likely to occur In fibres according to Figs . lb and ic, since for
them the higher order mode attenuation may be quite low. In the N-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 mllllmeter—waveguide
applications (Unger 1961). A more general study is possible by applying the time dependent coupled power
equations (Ma rcuse, 0., 1974), where we assume for our present problem tnat coupling takes place from the
2 fundamental KE11-modes to the four LP11-modes only. These LP~1-modes then partly reconvert, the ir energy
to the HE11-mode, while some of their energy converts al so to modes of still higher order.

The pulse di stort ion due to mode conversion and reconversion can be controlled in two ways :
a) by increasing the attenuation difference between HEj1— and LPu—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.

— ~~~ t_ ~~~
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This pulse distortion limits 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 signa l 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 àt.L/n, where fri denotes the delay
difference per fibre length between the HE11-mode and the t.P11-mode. I 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 1P11— and HE 1 1—mode.

For calculating the Initial pulse tail amplitude , the attenuation difference

- ‘
~o 

- ~/2 (11)

Is introduced. ye, 11. and ~ denote the loss coefficients of the HE 11- and LP11—mode and the microbending
loss, respectively. The loss coefficients y are related to the respective modal power P according to
y = —(dP/dz)/P. Ii also includes the loss as arising due to the coupling from the LPi1—mode to higher
order modes. If this loss contribution just equals ~/2, fry represents the attenuation difference betweenthe HE 11 — and LPj~-~,ode 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 = (~.L)
2 (exp(—fryL) + fryL — 1)/(2(fryL)2) . (12)

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

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

K = (~ .L) 2/4n . (13)

For a fibre transmission line with 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 frr’L/n (when applying eq. (131) or small compared to ar/fry (when applying eq. (12)). In
case of a cladded—core fibre with small microbending loss, which corresponds to a fundamental mode spotsize
we ~ 3 wa, the delay difference between HEii- and LP,~-mode is larger than about 6 ns/km. Therefore theabove design rules must be applied for bit—rates higher than about 500 ~tit/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, wnere
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 negligib le , 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 X > 1 ml, where material- and
mode dispersion compensate each other. In case of this compensation,transmlssion rates of hundreds of
Gbit/s become feasible.
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Fig. 1: Several possibilities for fundamental mode fibre transmission
a) conventional cladded-core or graded—index single-mode fibre
b) N—fibre
c) fibre transmission line consisting of a multimode fibre with discrete mode filters
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BEAM EVO LUTION ALONG A MULT IM OD E OPTICAL FIBER*

by

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

ABSTRACT

Whe n a Gauasian beam is injected obliquely acros,  the endface of a multimode optical fiber , the
field inside the fiber may be explored eithe r by track ing the beam or by expan sion in term. of guided
modes. For highly collimated beam s and large core radiu s , direct trackin g ‘s preferable until the
mul tiply reflected beam fields can no longer be Individually resolved. This paper presents results for
the phase and amp litude of the beam field as It progresses down the fiber via successive reflections f rom
the core interface. The anal ysts t. 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 sou rce
coordinates. It is shown that paraxial Gaussian beam field s are calculable completely fro m correspond-
ing point-source-excited fields in a geometric optical ray bundle. It i, found that the beam projection on
the fibe r 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 c. me r idional 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-
tribution s which treat the problem by guided mode analysis , and b) contributions which employ a ray-
optical approach (SNITZER . E., 1961; KAWAKAMI. S. and NISHIZA WA. 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 beam , but has not been exploited for quantitative information on the ampli-
tude variation of the beam field , especiall y in focusing region s where conventional ray optics is inap-
plicable. Moreover , the usual ray-optical treatment does not account for multiple reflections at the
fibe r wall , nor for conversion from rays or beams to modes when the latter description is more appro-
priate. The alternative use of multi ply reflected beams or of guided modes is relevant especiall y for
multimode fibers with large core diamete r since the spot size of a focused incident beam is then small
compai’ed to the fiber cross section. It may therefore be advantageous to track the incident beam di-
rectl y into the fiber rathe r than to express the field at the outset in terms of the guided modes. Such
beam tracking form. the substance of this paper. Beam coupling to the guided modes is to be presented
separatel y (SHIN . S. Y. and FEL.SEN . 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 (cy lindrical wave) or point source
(spherical wave) field by assigning complex value s 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 f iber,  the relevant Green’s
function Is that for a dielectric cylinder with homogeneous or radially inhomogeneous refractive index
prof ile. Of special importance is the construction of high-frequency asymptotic solutions since these
describe the parameters for optical propagat ion. Such solutions can be developed directl y by ray-optical
method s, without the need for depa r ting Initiall y from an exact formulation of the field problem. Apart
from yielding the desired information directl y, 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 techn ique converts the ray-optical field into a general beam field ,
it Is adequate (for beams that remain well collimated) to consider only the paraxial reg ion surround ing
the beam axis since the field elsewhere is very small. Under these conditions , it suffices to restrict
the source-excited ray-op tical field to the vicinity of a central ray that subsequentl y becomes the beam
axis; i.e. • it is adequate to treat a particular thin ray bundle rathe r than the entire family of rays. It is
then found that the real parameters governin g the phase and amp litude behavior of the field In the ray
bundle also describe the field In the Gaussian beam whe n the ana lytic cont inuation to complex-source -

point coord inate s I. performed. Thu s , as In the parallel plane case (FELSEN. L.. B. and SHIN . S. Y . .
1975), a rigorous link Is provid ed between point-source-excited ray optics and paraxial beam optics , in
terms of the conventional ray-optical pa r ameters which have strong physical content , This aspect
facilitates examination of the multiply reflected beam field solution with respect to periodic refocusing .
beam spread ing, and other physical attribut es.

2. RAY -OPTICAL FIE LDS

As noted in Section I, the pa raxial ray bundle emanating from a point source Is fundamental for the
subsequent construction of th . fields excited by a Gauss ian beam . Moreover , the three-dimensional

rhis research was sponsored In part by the Joint Service. Electronics Program under Contract No.
F44620 - 69-C-0047 and in part by the National Science Foundation under Grant No. EN G-7522625.
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fields In the fiber can be easily derived from a knowled ge 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 nor mal-
ized so that 0

~~c Is the infinite space Green ’ s function

~~inc = + }I
O

(1) (kp ) — 
~~

‘ f ~ ~~~~~ 

exp(ikp + in /4).  kp >> 1, ( 1)

where k is the wavenumber and p is the distance from the source. A time dependence exp(-i~it) is
suppressed. Then the field C along a ray afte r • reflections at the walls of a fiber with a radius “a” is
given by*:

1/2 — n w

- i ,—
~~

- L~ 1 ik~)i ~
I 1Uf~

I 1
4 w k L_L

f0 L ”2 
e e (2)

where
‘
~~~~2sLa

_ L
o + L ~ (Za )

The lengths L0. Lf . La and L. defined in FIg. 1. are measured from the perpendicular bisector of the
central ray (shown lashed) In a ray tube : La = a ~1fl Ya is the half length of the central ray between re-
flections., L0 locates the source point S. Lf0 ie the distance to a ray tube focus (point of tengency of the
central ray with the caustic of the reflected ray fa mily, which is not shown), and L is the distance t~ an
observation point. The orientation of the central ray is fixed by the angle 7a’ Depend ing on location
along the multi ply reflected ray, L and Lf0 may be positive or negative; in regions © . they are
positive , while in regions © , they are negative. The integer a counts the number of reflections, and

counts the number of time s that the central ray passe. throug h a ray tube focus. Focusing need not
occur after every reflection. In fact a real focus L = Lf0 is possible only when L and Lfu have thesame algebraic sign , and when I L10~ < L a; otherwise, there will be a virtual focus. The following rule
concerning solution s of the equation L = Lf~ is found to apply:

s > (La /ZLo ) + 1/2 - - real focus In region 1

s < (LJZL0) - 1/2 - - real focus in region ~ (3)

L 1 La i
- i< ~ < + I -- no real focus

0 0

The ray-optical formula in (2) evidently fails when L -. Lf0 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

Lf0 L L ( L  -25 L0)~~ or j~
— = - (4)

Thus , the focus moves toward the cente r of the reflected ray cord (i.e., L~0 - 0 )  as the numbe r s of
reflections increases sufficiently. The total field at an observation point a • as computed by ray optics .
is given by the sum of aU fields along rays passing throug h a . This implie s 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 I. r +1 so that phase
and amplitude of a ray are preserved after reflection . To account for the incidence-angle -depend ent re-
flection coefficient at the wall of a dielectric fibe r, the field after every reflection should be multiplied
by 11~ a)’ where (assuming total reflection and negligible leakage),

2 z l/2
sin ‘y - I (cos ~ - a ) r l

F (V  ) = a a 
~~ exp l iO(’y  )~ (5)a 

~~~ 7a + i(cos27 - a2) 
a

where the relative refract ive Index n is smaller than unity.

See Append ia A (also FELSEN, L. B. and MARCUVITZ. N.,  1973) for the source-excited afte r a single
reflection. Multip le 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 mod ifIed trajec-
tories and fields obtained when a lateral ray shift on the boundary is included. F~ r the present discussion ,
the effect of the ray shift can be neglected since Its cumulative effect over the range of inter est here is
not significant. It can be shown that , at a given observation point , the field computed from (2) and (5)
with the non-sh ifted path In Fig. I agrees with the field computed with the laterall y shifted path in Fig. 2
provided that the number of reflection s is not too large and that L~~ Lf0. 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 multipl y reflected ray fields are to be summed into guided modes ,
the laterally shifted paths must be utilized in order to furnish the correct asymptoti c 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 quantitie s 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
~mplitu de is insensitive to this correction). Thu s , Introducing a perpendicula r distance d from a point
p on the central ray to an observation point p a (~~~, d), one finds that, without Inclusion of the lateral
s hift (see Fig. 3),

2
;(
~
‘.d) = 2sLa

_ L
o + L+...

~~ 
R = L - L ~ • (6 )

provided that d << R I .  Subject to this mod ification , the formulas In (2).  with (5),  describe the field in
the paraxia l reg ion about the central ray defined by the angle 1a Note tha t R is the radius of
curvature of the wavefront , positive for convex and negative for concave curvatures.

2. 2 Three-dimensional Problem

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

ikr ~~1/2

G in = , r = L p 2 + (z - z’) 2 
,J , (7)

where r is the distance from the source point to the observat ion point . The ray-optical field after a
reflections In the cy lindrical waveguldc is , in the paraxial approximation :

Lf0 /sin P 1/2 L0/sin ~ 1/2 
eik

~i~G is/sI n p R 2/sin ~ 4r L,0fsin ~ e (8)

where the phase function is given by

d 2

4~= (2. La - L + L.)/sin ~ + 2R 1fsin f t  + 2R/i in p ‘

with
L - L~0 • R2 = 2s La - L0 + L . (9a)

Here , ~ I. the angle between the ray and a lIne parailel to the positive a axis (see Fig. 4).d2 Is theperpendicular distance from the central ray measured in the plane containing the ray and a line parallel
to the a axis, and d 1 Is a perpendicular distance from the central ray measured normal to that plane.
All the other symbols have been defined previousl y. The three-dimensiona l interpretation of various
distances 0 follows from the recognition that lengths D and Diem ~ measure , respe c tivel y, the cross
sectional projection and the actual length along a ray. The third factor in (8) norma lizes the incident field
to its value at the central plane along the ray cord (see Fig. 1). The first and second factor . account for
the ray tube cross section spreading in transverse and long itudinal plane s, respect ively, as sketched in
Fig. 5 . keeping In mInd that the non-spherIcal wavefront has two different radii of curvature R i/s in ~ and
R2/sinp. While the transversely projected ray tube focuses periodically as In the two-dimens ional case ,
the long itud inal projection expands indefin itel y.

A. In (2), with (6). the boundary reflection coefficient in (8) is r s 1. When the Incidence -angie-
dependent reflection coefficient r~’va . ~) for the boundary of the dielectric fiber is Included, the field In
(8) must be multip lied by ~r ~~~~ , where

2 2 2 1/’Z
sin P .ln ~y - t(cos ~y + cos 

~ 
- n

r i 15. ~ 
a 

2 2 ~~1/2 ~ exp [iO(~5 .~ ) J (10)
•iflpsln ra

+i (COI 7
a~~~~

05 ~~- n

- & ~_ ~~~~~
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The corres ponding laterall y shifted path , required in general but not for the present study, is shown inFig. 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 Gau ssian beam, respectivel y, by assigning a complex
value to the source poInt. For the two-dimensIonal case (Fig. 7(a)), if the beam axis is inclined at anangle a with respect to the posItIve x-axis and the beam waist is centered at x0 thereon , one rep1-~cesthe real source point (x ’ ,y ’) by (x0 + i~ cos a, lb sin a), where b is a positive constant related to thebeam width ‘b at the waist by b = ku~/2 (FELSEN, L. B., 1976). Thus, the polar source coordinates(p’ . 4, ’) are transformed into

2 z h/2 2 2 2 1/2
p’ = (x’ + y’ ) = [(p 0 cos a + Ib) + p0 sin a ] (11)

p sin a
= tan~~ 

1~ = tan~~ p0~~l~~o a ) = cos 1 
( ° ) - (

~~ - a) (12)

~ ~~l/2where p (x + y ) = x0 . For the three-dimensional case with source point at (p ’ .49 , z’) , if thebeam axi’~ Is t8 be &clined at an angle ~ with respect to a line parallel to the z-axis , if its projection in
the x-y plane is to make an angle a with the positive x-axis , and if It s waist is to be centered at(xe, 0 , a0) (FIg. 7(b)), then

2 2 2
= [(p cos a + lb ) + p sIn a ] , b = b sln 

~ (13)0 0

~ 
ib sin a 

_
~~ 

p ain a
49 = tan (

~ + ib cos a = cos (— ,-— ) - (~~~
- - a) (14)

0

= z + lb  • b a b co. (15)

This may be shown to be equivalent to the replacement

L - L + ib  (two-dimensional case) (lba)

L -
~~ L + lb  • z ’ z + lb (three -dimen~iona1 case) (16b)0 0 0

where b and bz are the transverse and long itud inal projections , re spectively, of the beam directionvector b~’. The f.~~al distance 4 for the two-dimensional case becomes accordingly:

L(L+ib)
— a o 

— r 1
( 

— L -2s(L + Ib) — f f ‘a 0

where

r — 
L0(L -2.L) - 2sb 2

L~ — L (18)a (L -2s L ) + 4 sa o

L2
L~~= b  a

2 ~~~~ (19)(L -2s 1.. ) + 4s 2b

For the three-dImensional case ,

b — b  In (17) - (19) (20)-L

From (6). the paraxially approximated phase for the two-dimensional beam becomes

—
—
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2
4’. Z s L  - ( L  + i b ) + L +  d

a ° Z(L-L~ - IL f

d 2(L~ I4 + i L4 )
2s L - (L + ib )  + L + 

~ i 2 (21)a o 2 [ ( L~~L.;) + ( L.~ ) J

f rom which one observes tha t the minipum beamwidth occurs at (the beamwidth w is defined so that the
exponentia l amplitude becomes exp(-d /w 2))

L = 1 4  . (22*)

rathe r than at the pa raxial ray tube focus 1.~~ L~~ (Fig. 8). The displacement from the ray tube focus is
given by

L.f Lfo -2. L 2 b 2/ [(L - 2s L0) 2 + 4s 2b 2
J (L 2s L . )  (22b)

and the beamwidth at the minimum by

W
5 
.‘ w0 L~ 

[(2. L0 - L
~

) 2 + 4s 2 b2 J . w0 = (2b/k)~
1

~ . (ZZc )

The total paraxial beam field is from (2) . for d << I L-L f I

( L + i b ) 1
’~

2 e~~~~~~e ~~~~, Lf z I 4 + i L~ . (23)

with the square roots so defined that 0b *~~~ in (2) when b - ‘O.

Thu. , afte r many reflections, the minimum beamwidth tends to zero , the location of the minimum
approaches the center of the reflected beam axis cord (since 14 -.’ Lf0 — 0 ) ,  and the field amplitude tends
to zero since Lf —0.  The latte r circumstance implies a rap~édivergence of the beam after many re-
flections. in (22*) . the location of the minimum bearn eidth after a reflections has been based on the
exponential behavior only, without inclusion of the algebraic terms in (23). One observes that (23) re-
main. valid at the beamwldth minimum so tha t for the paraxial beam field , the reatrictions imposed on
the ray-optical formula (2) may be removed. Note , however , that since Lf -.‘ 0 as s - 00 the resulting
restriction d << I L l  prohibit s observation points in the narrow focal reg ion L-.’0 , which then resembles
that for the paraxial ray bundle (see (6)).

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

d~ 
____________________

2(L-L?~ - 114)1 sin p 
+ 2(2s a 1 L - (L0+ ib ))f sin ~ 

(24)

with a consequent di.placem.nt of the beamwidth minima along the d 1 direction In the cross section,
from the ray focal points L z Lfo to

L i4 (25a)

The norma lized minimum beamwidth (at 14) along the d 1 direction and the correspond ing nprmalised
b.amwidth along the d 2 direction . r.speciively, are (note the change In (20) for 14 and 14 in (19))

i 2w I., 1/2 w ( 2 s L + L T~~~L )
....L~ 1 a f o

~i~sin ~ b2 5th 2 + 1 (25b)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
~~~~~~~~- 

~ t ~~~~~~ 

—



The parazial beam field becomes, with the square roots so defined that Gb - G  as b — 0.

I ‘~ 1l~’2 ( L +j b ~ 1 ~~
0b f L~IT I 2.L - ( L  +ib ) + L  I 4w (L fib )fein~ 

(26)
L f~~~ i~ 

a o 
~ 

0 j ,

As before, the multiply reflected beam, when projected onto the waveguide cross section. focuses
periodicall y but diverges more strongly after successive focusing.; the longitudinall y 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 bec omes questionable when the multiply reflected beams can no longer
be individuall y 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 i. the equality of the axial beamwidth after s reflections and the
spacing Z R between success ive reflections. Both Q5 and Z~ can be expressed as in the parallel plane
geometry CFELSEN. L. B. and SHIN, S. Y. , 1975).

8 1/2 R
(
~~~

. ) . Z~ 41 a c0t ~ . (27)

where a5 ~ 
(Z5La + L - L0)/sin~ is the total path length along the beam axis after s reflections.

From Q5 • Z~ , one obtains the limiting numbe r of reflections s. beyond which the multipl y reflected
beam fields fill the entire longitudinal cross section (see Fig. 8(b)), as the integer closest to s r s 1,
where

(2L )~~ (kw L sfn~ cos~~ + L -  L) a ~‘kw sine cos~ . (28a)

The last expression is valid when P)~ 0. and w0 is defined In (22c). The corresponding axial distance
a, is

, Z0/2 (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 q, of a Gaussian beam is q ~ Ztair l(2/kw 5). where w5 is
the minimum spot size as given in (22c) , one may solve for the number of reflections $ as the integer
closest to s~ corresponding to a specified value of C ~~ tan (~~/2). recognizing that kw0>> 1:

kw 1/2
L + [L2 + { __!2_ C) 2 

- l} (L2 + b2) J  2 2 1/2 i kw° ° 2 2 * CkW L [4(L +b ) ‘ J , if —~2’C~~ l (29)a 2(L0 + b )

When C i. of the order of unity, the beam I. 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

and

4. INFLUENCE OF FIBER ENDFACE

In the preceding treatment, it has been assumed that the incident beam ii 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 k0). 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 doe s not have the
form (7) but rather a form similar to (8) which accommodates an astigmatic ray pencil. Moreover , with
~
‘denot1ng th. angle between the incident ray and a line para~~.l to a (see Fig. 9a), the incident field

should be multiplied by the transmission coefficient, [1 + F(P ) J; the direction of the transmitted ray
pencil i. inferred from that of th. incident pencil by Snell’ s law. These considerations lead to the fol-
lowing field across the endface inside the fiber:

- _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _

- ~~1__ - .
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are the distances to the virtual foci of the astigmatic ray pencil, while r1 and rt are the lengths of the
incident and refracted ray segments, respectively, measured along the central ray. The paraxial dis-
tances d1 and d2 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. 4. The tracking
of this field between reflections at the fiber wa~ then proceed s as in (8), provided that in the first factor,
I-~~ 

is taken from (4) with L0 replaced by ~~~~ and in the second factor, L0 I. replaced by L0(Z).

Conversion of the incident point-source-excited field Into a Gaussian beam field is accomplished as
before by making the replacements r1 

- (r 1- 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 (w51/w 0) and the corresponding normalized beamwidth (w52/w 0)
in (25b). When the beam axis lies in a merIdional plane, one has L

~ 
z a and measures L from the

cylinder axis (see Fig. 1(a)). Numerical results as a function of fiber radius and of the wilth. 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 beamwldth via b
eventuall y decreases success ive beamwidth minima w51, and hence increases the rate of beam diver-
gence, in the cross section plane. This behavior is attributed to the greate r 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. l0~~while in the latte r case , the more highly collimated incident beam spread s more slowly. A. 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 practically unchanged in the meridional plane (Fig. 10(b)). This follows
from (ZSb) . with (18)-(20), since the dependence of w5~ on L0 occurs In the product (sL0). whenc e In-
creas ing L0 generates a given w51 after fewer reflections s. Finally, decreasing the injection angle
~ hae the same cross sectional effict as decreasing the beamwldth b since ~ and b in w 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 mer idional plane afte r or even before the first reflection. It should be noted that several of the
(wsl/w o) 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 othe r 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 multipl y 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 sine, 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-mer idional ray bundle, when projected onto a cross sectional plane, is refocused
between success ive 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 longitudinall y projected ray tube cross
section expand s continuall y. When the multiply reflected ray bundle has diverg.d 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-exc ited fields are converted into beam fie lds ; the focal reg ions of the ray bundle locate approx i-
mately, afte r many reflection . , the focal reg ion. of the parmxial beam. Thu ., bo th the direct
beam track ing and the guided mode formulations are uesf ul . depending on th. propagation length at which
the f ield I. observed. Very highly colli mated beams inject ed into a large diameter fibe r 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 value s
to the source coordinates. Moreover, the analys is can be readily extended to graded index fibers by
following the procedure employed for the plane parallel configuration (FEL.SEN. L. B. and SHIN, S. Y. .
1975).

7. ~~~PENDIX 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 cy lindrical (p .4> ) coordinates , the ray path can be expressed
as 4> 4>(p ,

~~). where the ray parameter i~ identified the initial ray orientation via the relation
i a cos 

~a’ On the ray path, the functional dependence of 4 on p is for 4> > 4 >’ + Znw (see Fig. 13),

4 > = ’ Y > - l < + Zs’Y + 4 > ’  + Znw (3 1)

where (p ’ . 4>’ ) locates the source point x and

= cos ”1(~~/a) , = cos
~
’
~~

L/ p >) . • cos~~ (~&/ p <) (Ma)

with p> and p denoting the greate r or smaller values, respectively, of the radial coo rdinate. The ray
tube cross sectfon is calculated from Fig. 1(b) as

dA p sin ‘y d4> • (p sIn ‘y) dI~ (d4>/d~i)~ = const. • 
L~Lf0 d~ (32)

where ~i = a cos ‘
~a = p cos y characterized the central ray and diL is constant along a ray tube. The

ray tube cross section is conveniently tracked along p = constant contours, for which d4>/d~i is then
evaluated from (3 1); this leads to the last equalit y in (32). The procedure i. analogous to that employed
in reference [ 9j for ray tracing in plane stratified media, and remains val id when 4> in (31) ii modified
to account for a ray shift upon reflection.

The ray-opt ical field I. calculated from the well-known formula

ik(4. -4 . )
u — O e  

~
ux_ (33)

where the caret sup erscript identifie s condition s at an initial reference point along a ray, with 4’~representing the phase. The initial field can be referred to the source point (or focal point) by the re-
lation

-ik4. 1 i 2 ikL0 +i~~-’
i4w k I .  ~ (34)

0

which then reduces (33) to (2).

The three-dimensional field in (8) follows from directly analogou, considerations.
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Fig. 1 Ray tube and definition of coordinates (ray shift omitted)

(a) multiply reflected ray
(b) calculation of ray tube cross section
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Fig. 2 Ray path with lateral shift on boundary
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~~~~ central ray
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ray tube focus
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Fig. 3 Parameters for paraxial approximation
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—-- d2 _ — C
axis

,‘ ~ O_ - source

Fig. 4 Three-dimensional geometry. P is a paraxial obse rvation point.
Line AB is the projection of the ray on the cr oss section. d 2 is measured In the plane
ABCD containing the ray
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central ray

F 
L D

H
parallel to z direction

E 
B 

Lfo L— L fO 
L~,

(a)

centra l ray K

source —
~~ M

L parallel to the axis

Fig. 5. Projections of ray tube in three dime nsions
(a) Projection of ray tube in the direction of d1.

Note: AB 
~ 

CD; lines AB and EG lie in the cross section; point E is at the cente r
of the transversely projected ray path EG’ between reflections.

(b) Projection of ray tube In the direction of d2.
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dO
k,1,d(cos )~)

angular shift

dO
k d (cos / 3)

(longitudinal shift)
Fig. 6 Ray trajectories with lateral shift. The phase increment ~ 4. due to the conventional lateral

shift L~ d0/dk z on a plane boundary is k~ L , where z is the coordinate along the
boundary and 1 z is the wavenumber along z. The analog for the curved boundary is

where k4> k coa 
~a and L4> ~ -dO/dk~~.

y y

beam axis ,~ ~~~~~~~~~~ xis,~

(a) two — dimensional (b) three — dimensional
Fig. 7 Coordinates for beam problem
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~-transmitted beam axis
end / z
face 

— 

/ 

‘ /3 ~~~ parallel to z axis

inc iden t
beam axis

(a) physical configuration

observation point 

d1 ’

_ _  _ _  _ _ _  -

source

(b) definition of geometrical quantities
Fig. 9 Beam incident on fiber endface

(a) Physic al conf iguration
(b) Definition of geometrical quantities. The right-hand side of the figure depicts the plane

of Mcidencs and the left-hand side depicts the projection on the endface. The distance
L0t 1  and LA2) show the displacements of the virtual foci for the refracted ay from a
horizontal axis through the center of the fiber.
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Number of Reflections , s Number of Reflecti ons, s

(a )  Cross Section Plane (b) Meridional Plane

Fig. 10 Minimum normalized beamwidth w,1/w 0 and correspondir- normalized beamwidth w,~~/w~ vs.
number of reflections, for different fiber radii and initial minimum spot size. Fixed beam
parameters: ~ 15~ , La = a. L0 = a/9. k = 2. 54n. Curve 1: a = 450; curve 2: a = 270;
curve 3: a = 180. Solid curves: b = 400; dashed curves: b = 1600. All lengths are measured
in microns.
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Number of Reflections , s Number of Ref Iections ,s
(a )  Cross Section Plane (b) Meridional Plane

Fig. 11 Minimum normalized beamwidth w51/w 0 and corresponding normalized beamwldth w,2/w vs.
number of reflections. Beam parameters: ~~ 15° . La • a • L0 • Za/3 , b z 400 , Curve 1:
a z 450; curve 2: a • 270; curve 3: a • 180. All lengths are measured in microns.
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Fig. 12 Minimum normalized beamwidth w 5~ /w 0 and corresponding normalized beamwidth w52/w
vs. number of reflections. Beam parameters: ~ • 1~ , 1.a a, L.~ 

z a/9. b = 1600, k = 2.
Curve 1: a r 450; curve 2: a 180. The solid line indicates w51/w 0 and the dashed line
w52/w 0. All lengths are measured in mic rons.
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TESTING OF TENSILE STRENGTH OF OPTICAL FIBER WAVEGUIDES
by

C.Kao, M.Maklad. l.GoeIl
IT!’ Roanoke

Roanoke, VA 24109, USA
m t  roduct ion
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
desi gn and allows more flexible choice of strength reinforcing material for making
up a cable to nieet 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 responsib le
for the development of hi gh stress concentrations and that failure of a uniformly
stressed fiber in tension occurs at the deepest surface flaw . Furthermore , in the
prescn c of moisture , the flaws over the fiber surface would enlarge under a stress
leve l well below that of the fracture stress. Th~ 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 fati gue
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
another 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 multimoda l , and the Weibull probability plot may assume an “S” shape . This
situation was commonly found in many fibers . In 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 abave 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—e xp t ( c J / c 10 ) ’ (L/L0) (t,t0)
r l .

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 .

Lxtrapo lation of long length (L2) strength from short length tests results at a
particular failure probability is given by

(0 /0)m (Lj/L2)—l
rhis can be substantiated by using a proof test at a stress equal to the expected
stress where a g iven 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 dcf~ned , then the choice of proof str ss becomes difficult. In such
cases , proo f tests ~‘uc~ 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
will decrease. The permissible duration can be inferred from the static fatigue failure
dat a.

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 .hanica l 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

________ .i_ __ - • • —5- - ~_s_ - -~~~~~~~-- . -



end around a large diameter spool (d-4”) which was attached to a tensile gauge
(0-200 lbs.). 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. The end of the
fiber was then wrapped again around the first spool and attached. The load was
applied at a known rate and the fracture load .-alues read from the tension gauge . 

-~~~~~~~~

D Y N A M I C  H ,ISIU TI H

Figure 1

The test for long gauge length tensile strength was as follows . The long length sample
was held on a spool and reeled off between two large rollers , as in Figure 2.
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Fi gure 2

A tension gauge was used to measure the stress developed between the two rollers by a
controlled sli p clutch on the drive wheel. In this manner , the entire length of the
sample can be tested.

Static fatigue tests were performed on short gauge length samples by winding over a
series of mandre ls of different sizes , simulating different tensile loads. Times to
failure were recorded .

Experimental Evidences
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. This also shows an experimental
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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 Weihul l 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.

DW,&MIC

,.

S —

Figure 4

Static fatigue tests showed the time-to-failure for the same fiber (illustrated in
Fi gure 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.

Fi gure 5

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.

_ _ _ _ _ _ _ _  ~ :L ~~~~~~
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COLOUR MULTIPLEXING TECHNIQUES AND APPLICATIONS IN

OPTICAL WAVEGUIDE LINKS.

David A. Kahn
Pleasey Radar Research Centre

Savant, Rants., U.K.

SUMMARY

The feasibility of colour multiplexing is established in the paper by a review of the
currently available components , namely sources, detectors, vaveguides, 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. O.5ijm , up to around l.8um , almost two octaves
of frequency encompassing a total bandwidth of approximately I4.lO ”Hz. Within such a large bandwidth,
a great number of channels can be accoemodated 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 1T’DM 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
l.lum. The germanium photodiode extends the detection capability up to about l.B~m (2) but generallysuffers from a relatively large, noise generating dark current. New mixed crystal photodiode
technologies are emerging based upon GaIn As (3), and CuIn As/CdS (1~), which detect in the region
beyond the silicon cutoff vavelength and yet have low noise, high speed and good quantum conversion
efficiencies.

2.2. Sources.

Both semiconductor lasers and light—emitting diodes (LED5) are potential candidates for
colour multiplexing systems. Fast LED5 are available for a range of wavelengths from the visible up
to beyond l~m using such materials as GaAs, Ga.A1AB, GaP, GalnAs (5), where the central wavelength is
to some extent progra able 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 or 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 linevidths 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 diebroic filter. Our experience is
currently restricted to the dichroic filter techniques which will now be describe .1.

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 1,50 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 it used with a highly converging or diverging radiation flux,
such as is normally associated with a fibre waveguide. The problem can be easily accomsodated 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. 2~in.

~ Note, however, that no restriction to the visible region is intended
t Some authors refer to the technique as “Wavelength Multiplexing”

E.g. paper 35 of this conference

-
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Whilst ‘he dichroiC filter is an efficient method of spatially separating two colour bands, it is

by . - mea~ ai quate ty  i t self 1 uc ieve d. i cable 1ev’- of ‘ r ‘wita 1k r’.j eeti’,ri. Phi can b.
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 sou~ce 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.

14. OPERATIONAL SYST~~~

14.1. History .

~
)ur first colour multiplexed link was designed and constructed in 1975 and carried radar

vi deo 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 a.djacence of transmitter and receiver at both terminals.

The experience gained from the production of these two links was used to develop the
casriercial range of duplex secure communication links (32L’s). (6 )

4.2. 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 (whers applicable) operation, the optical transmitter(s), the optical
receiver(s), the optical multiplexer, ant the power Supply wit-h a power input connector. An outline
system block diagram is shoini 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 hardware.
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 crossrnodulation is to be permitted. In
these situations, colour multiplexing offers a simple solution.

5.2. 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 HF 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

~:1 Or ,dB. 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 3Ologj0n dB where ‘n’ is the number of colour channels. Alternatively,
for a given S/N ratio, the required opti”al power per colour channel is reduced by l5log10n dB.

5.14 The passive mux/demux element.

The use of a multiplexer that is passive i.e. consumes no power , and consists simp ly of a
multiple film on a gla~s 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 waveguile l imits channel capacity using a
single carrier, the waveguide capacity can be increased in proportion to the number of colour channels.

€- . 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)

6.14. 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.

6.5. 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 strate~~r 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.

7. 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.
Cc )  Large reserve capacity for waveguides already installed .
(d) Optical 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.
(c) 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
iu troduce substantial cost and re iability benefits over alternative schemes and that the emergence
of colour multiplexing should heavily influr- cc the evolution of optical waveguide systems architecture.
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QUESTIONS AND COMMENTS -

ON SESSION 1

REVIEW AND ASSESSMENT OF FlEE? 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 Kin long. Dan Altman of NELC showed that
graded index fibers are needed for the following reason: In 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 fib...r-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 MW 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 pW from a
400 MHz device. It must be realized that 100 ~W is already quite an impressivefigure 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. Seger : (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: Cl) 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. Linger

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 anj 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.

_ _ _  —5---- --5 .
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BEAM EVOLUTION ALONG A MULTIMODE OPTICAL FIBER
L. B. Fel sen , S. Y .  Shin

Dr. Unger:  Is the lateral Goos—Hahnchen Sh i f t , which is being contemplated recently
related to the lateral component of beam shift that has been discussed in the paper?

Dr. 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, var ious 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 , wi th a phase center disp laced from the location of the shif ted 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 mul tiply reflected ray and beam fields into modal fields when an
incident ray or beam is reflected repeatedly at the boundaries of a planar or
f i ber waveguide ; omission of the lateral shi fts , or use of sh if ts  d i f f erent 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 , ‘La teral Ray
and Beam Shifts at an Interface Separating Two Media,” to be publ ished in the
Special Issue of Radio Science devoted to Integrated Optics and Optical Fiber
Communication.

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

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

Dr. Maklad : No, we have not studied flat cable flexing. However , the strength of the
tlat 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.

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

Dr. Makiad : 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
0. A. Kahn

Dr. 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?

Dr. 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 f i lter 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.

Dr. 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.

Dr. Kahn : Dichroic filters are robust elements that can sustain the military temperature
range. For most of the system applications which I described , o:dy 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 Plessey , the two wavelengths are 670 mm
and 900 mm respectively. 
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Summary of Session I

OVERVIEW

by
F. S. Stringer

Session Chairman ’s Comments

1. This session , particulary papers 1—S inclusive, provided an encouraging indication
that optical fibre technology can achieve already most of the capabilities of
conventional conductor techniques , but with very att~active and additionaladvantages. It is noteworthy that cost wee 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.

2. 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 .

3. 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.

4. Marine applications , particular ly 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.

5. 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.

6. 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.

7. The interest in colour multiplexing should be intense , since it offers an increase
from current state of the art bandwidths of up to 106 — l0~ Hz to a new upper limitof iO~-~ Hz. Silicon detectors were mentioned , also mixed crystal detectors. The
potential is available for the application of LED8 for colour systems. Lasers are a
suitable alternative and xchroic~ fibers are an interesting innovation. The integrity
of system data transmissi ~n may b enhanced considerably by the introduction of
colour. It is a pity th c the su~)ect a,as not treated in more depth, but it is to
be hoped more will be e 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
Commun ications Research Centre , Depar tment of Communica tions

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- ôombat 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 Hal ifax , Nova Scotia, Canada . When acceptance tests established
for the CCS-280 itself were applied to the optical link , the tests were satisfied wi th
zero defects and the optical link performed satisfactorily under simulated combat condi-
tions.

1. 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
CCCS—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 tha t 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 mw5h smaller individua l coaxial cables
(e.g. RG-l78u) 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--
eat of DMCS—7 wac 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 sur,h as the CCS—280 where comple,~
digital signals 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 installation and successful operation of the experi-
mental optical link in the CCS-280 located at the Canadian Forces Fleet School in Halifax,
Nova Scotii~, Canada. This renort summarizes technical aspects of the Task .

2. O~ fICAL-FIBER LINK

jTable 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 8.11-Northern Research Ltd. (BNR) was contracted to supply the optoelectronic
components . The BNR design based on the single-fiber—per—channe l approach was chosen over
the usual bundled-fiber designs because it would provide a smaller cable and it was felt
that th. single-fiber design would become the standard in the future .

_ - _ _ _ _ _ _  -



TABLE 1

TASK CONTRACTS

1. Prime Contract ($97 ,500.00)

Contractor :

Lit ton Systems (Canada)  L t d . ,  Rexdale , Ontario Canada
Requirements:

To design,  construct  and test the optical l ink by
i) designing and fabricating the multiplexing and demul—

t iplexing uni t s ,
ii) testing and debugging the multiplexing and demultiplex-

ing units through a hardwire link ,

iii) integ rat ing the optoelectronic units into the system ,

iv ) testing and debugging the optical link ,

v) installing , testing and debugging the optical link at
the Canadian Forces Fleet School in H a l i f a x , and

vi) providing technical assistance during the Acceptance
Tests.

COMPLETED , January,  1976.

2. Optoelectronjc 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 whici contain

a) LED drivers wi th TTL compatible input ,
b) Burrus type LFDs ,
c) fiber couplers , and

ii ) receivers uni ts which contain
a) f iber  couplers ,
b) PIN photodiodes , and
c) post detection amplif iers  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) ha8 a large cathode—ray tube (CRT)
that displays the combat situation and a small CR)~ 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 SOC8,
disconnection of the optical—fiber link for fault location was facilitated .

The multiplicity of connections to an SOC is clearly seen in Fig. 3. Each SOC

‘ 
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
mul tiplexing (TOM) 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.

p
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TABLE 2

NUMBER OF OPTICAL TRANSMISSION LINES

Function Optical Transmission
Lines

Output Data/ Par i ty  5

Output Controls 6

Symbo logy Output 10

Reset , Synchronization 3

Inpu t Data/Pari ty S

Input Controls 1

Light-Pen Interrupt 1

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
(TTh) 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
t ,e  input and output pulses of the optoelectronic units for data transmission are shown
in Fig . 6. Due to the random nature of the cc,ntrol pulses of the CCS—280 where certain

~oqic states are maintained for periods in excess of 100 is , the optoelectronic system
was required to be not only TTL compatible , but also DC coupled . The electronic specif i-
cations for the optoelectronic system are listed in Table 3.

TABLE 3

ELECTRONIC SPECIFICATIONS FOR TEE OPTOELECTRONIC UNITS

Maximum bit rate 10 Mb/s

Rise and fal l  times ~l0 ns

Error ra te ‘1 in l0~ bits
Skewness between any two channels £20 fls

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 kO) was

TABLE 4

TRANSMITTER UNIT CHARACTERI STICS

Input TTL Compatible

Peak emission wavelength 830 nm

LED maximum dc current 60 Ink

LED maximum peak current 100 mA
(1 us pulse , 1O pps)
Light turn-on and tu rn-of f  time <10 ns
(10 — 90%)

Power supply requirements +12 V ± 0.1 V ~ 90 mA
(@ max . LED curr.nt of 60 mA)

-5— -.- --- —5
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TABLE 4 (continued)

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

Optical output connector Single-f iber bulkhead connector
jack (BNR C-lO)

Dimensions 0.9,’ x 20 x 2”

Operating ambient temperature range +100 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. Interstage coupling is DC to provide compatibility with the CCS-280 control
signals. Since the optical link was an experimental development, adherance to MIL
specifications was not demanded.

TABLE 5

RECEIVER UNIT CHARACTERISTICS

Photodetector BNR D-S—2
Electrical output TTL compatible

Output rise and fall time <5 ns (output terminated with a
(0.8 - 2.0 V) TTL gate)

Power supply requirements +12 V ±25 my ? 60 mA
— S V ±50 mV 9 10 mA

Electrical connector Mates with edgeboard connector ,
0.100” centers (e.g., ITT Cannon
G05 D 16A2BA3L)

Optical input connector Single-fiber bulkhead connector
jack (BNR C—b )

Dimensions 0.9” x 2” x 2”
Operating ambient temperature range +10’ to +40 C

The optical cable is 4 in in length and contains 31 active lines plus 11 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

TABLE 6

FIBER CHA RACTERISTICS

Fiber attenuation < SO dB/kM 9 830 nm
Numerical aperature 0.19

Core diameter 60 ~im
Fiber 0.0. 150 pm

Plastic jacket O.D. - 
0.9 mm

Tensile strength 60 newtons

-— Minimum bend radius 3 mm
. 

-- 
Minimum recommended bend 1 cm
radius

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

A total of 34 fibers were terminated with single-fiber bulkhead connectors. The
physical dimensions of a connector are given im Fig. 12. The connectors are easily mani-
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
supplies is shown in Fig. 13. The plug—in box on the front panel is a termination unit
for the coaxial cables. The optical cable is connected to the right of the cabinet and
the individual optical fibers can be seen at the centre of the figure .

2

C
_ _ _  

—-5-- -- — —_ _- -
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TABLE 7

ARMOURED CABLE CHARACTERISTICS

Cable attenuation 200 dB/km 9 830 mm

Number of fibers 42

Number of fibers terminated 34
with connector plugs

Length of fibers 4.8 m

Length of flexible conduit 4 in

Cable 0.0. 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 righthamd side of the figure contains the MUX/DEMUX system .

When independent testing of the ?4UX/DEMUX circuitry was required , the optical-
fiber system could be temporarily replaced by a hard—wire (twisted wire pair) cable , 1 in
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’ (O.7V — 2V) (2V — 0.7V)
N’unbers (ins) (ns) Pulses (ins) (ns)

1/1 48.5 85 0 4 3
2/2 52 85 0 5.5 3
3/3 54.5 80 0 S 3
5/5 48 94 0 3.5 4
6/6 50 88 0 S 3
7/7 51 86.5 0 3.5 3.5
8/8 54.5 85 0 4.5 4
9/9 55.5 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 SDC5 No. 5 and No. 6 at the Canadian Forces Fleet
School , Ha l i f a x , Nova Scotia , Canada and subjected to a stringent test based upon the
original, acceptance test~ for the CCS-280 itself. All criteria were met without defects.
A combat situation was also simulated and no distinction could be seen between SOC
No. 5 and SOC No. 6.

4. CONCLUSIONS

The CCS-280 Optical Link Task has demonstrated that op~icab-fiber transmission
systems can be used effectively in action data systems where complex digital signals
ranging from DC to 10 Mb/a, and with fast rise and fall times of about 10 ins, 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 originai 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 of 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. In view of their many advantages, such as immunity to EM!
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.

The CCS-280 Acceptance Tests are considered to be classified information .
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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.
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Figure 3 SOC Interconnecting Cables
The two digital  coaxial-cable plugs are seen on the righthand aide.

Two grounding straps are located next to the digital plugs . The two

T ’~T1T T - - 

analoque-signal cable plugs are on th7 lefthafld side .
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Figure 4 A Close-Op 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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TO OPTIC INTERFACE
I I0O±2ns

I— 50±5 II.

DATA
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Ons One 00± IOns

DATA 
_ _

Figure 6 Timing Requirements for the Optoelectronic Units
The rise- and fall-tim s are less than 10 ns. “Skewness ” between any

two channels is less than 20 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 —
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~~~~~~~~~~~~~1F
Figu re  9 Optoelectronic P lug- In  Uni t s

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 LED5 mounted in ‘P0-18 transistor headers.
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Figure 10 Schematic Diagram of Transmitter Unit
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Figure 11 Schematic Diagram of Receiver Unit
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Figure  13 O p t i c a l  Link Cabine t
The cabinet  d imensions  ar~ approximate ly  12” x 34°  x 56” .

- If 
_ _‘I. I

1. ___ 

—

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 HUX/DEMUX System
The cable consists of twisted copper wire pairs .
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MIJLTICHANNEL FIBER OPTIC SONAR LINK (FOSL- 1)

Frederick C. A l l a rd
Norman S. Bunker

Naval Underwater Systems Center
New London , Connecticut 06320

U.S .A.

SU*IARY

Dur ing 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 i beamforming section. Plastic fiber optics is used in a 61-channel cable. Optical connectors
arc utilized at two levels. Comaercially 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-l (Fiber Optic Sonar Link-No. 1) was designed as an in i t ia l
ctep toward a military -qualified subsystem. The u t i l iza t ioi ,  of established technologies , the modula r con-
struction and ease of maintenance allow for extended “hands off” operation by sonar technicians who are
not speci ally trained for fiber optics.

1. INTRODUCTION

During the past year, the New London Laboratory of the Naval Underwater Systems Center installe
fiber optic sonar link onboard a naval vessel for subsequent testine at sea. The l ink  was installed , ~sshown in figure 1 , within the hul l connecting a preamplifier cabinet with a beamformer cabinet. Two i e -
diate objectives of this  52—channel ins ta l la t ion w~ r .- Po demonstrate:

(a) the specified , stringent performance capability,

(b) the survivability of the link outside the laboratory .

FOSL-l 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
extre.ely wide , linear dynamic signal range. FOSL-i thus provides a vehicle for assessing the relevance of

~Iirrent fiber optics in an analog sonar system context.

2. LINK DESCRIPTION

FOSL- I is comprised of 52 parallel channels, each consisting of a line driver, fiber optic bundle ,
and line rece i ver as chown in fIgure 2. The input to each fiber optic channel is a presisplified hydrophone
si gnal. The amplitude of ~he input analog signal determines the instantaneous output frequency of thevoltage controlled oscillator (VCO). The VCO generates a frequency-modulated (FM) square wave which , in
rum , modifies the output of a red light-emitting diode (LED). The LED radiates into its assigned fiber
optic channel. At thn line receIver , 11 a away, a given fiber optic bundle is read out by a hybrid
detector/operational amplifier that retrieves the PM signal for subsequent demodulation by a phase locked
loiop ‘PLL) . The output of the P!.L 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
fro, a wideband PM electrical signal; the detector bandwidth and PLL lock range are compatible with a
narrowband PM signal. This format provides a maximum signal-to-noise ratio while maintaining low distortion
over the range of moat-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-I. The current cost per channel for
electro-optical co.ponents 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 *iltichanne l Cable.

Having previously demonstrated a sultlchsnnel capability in the laboratory (ALLARD, F. C.. 1976)

~ 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 pm
with a numerical aperture of 0.53. The composite 7-fiber diameter is 1.12 ma, resulting in a packing
fraction of 0.78. Attenuation is 470 dB/k. at 656 na.

Sixty-one of the PFX bundles ar e 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 desi gned 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 a cable , lengths up to 65 a 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 PPX 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
with in  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.

2.2. 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
cor~iectors 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 voltage-controlLed
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 LEO current, limited to 25 mA peak, follows the FM waveform
generated by the VCO.

The VCO is the first active element in FOSL-l. 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 k}lz. 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 kllz.

The FM “beta” is 13 at a test frequency of I kIlz, meaning that the VCO output frequency ranges
from 35 to 61 kHz for a maximum a.plitude 1 kHz s ignal .

A simple transistor inverter couples the VCO square wave output to the red LED, a Fairchild FLV1O4.
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
beam forming cabinets, The line receiver cabinet is directly co.parable to the line driver cabinet shown
in figure 5, containing individual circuit boards for each of the 52 sonar channel” .

An individua l line receiver board is shown In figure 7. More elaborate than the line driver, it j
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/transi.pedance amplifier. This hybrid
is packaged in a TO-S 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 suff ic ient . No lenses
or index matching fluids are used anywhere In FOSL-l.

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 unnecessa -ily restricted the device bandwidth (HANSTRA, R. N.,
and WENDLAND, P., 1972). Subsequent procurements from Devcr 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- l 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 ot the performance objectives of FOSL-1 was uniformity of transfer characteristics from
channe l 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- l , as ins ta l led , demonstrated

(a) 100 dB signal dynamic range (sin.)

(b) 8.5 kHz signal bandwidth (sin.)

(c) 0 dB gain (.0.1 dB)

(d) 80 dB crosstalk rejection (sin.)

(e) 1.0% worst case total harmonic distortion

The construction of FOSL- l 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- l , 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-
tiona l 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.
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Fig. 3. 61-channel p las t i c fiber optic cable
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A TWO KILOMETER OPTICAL FIBER DIGITAL TRANSMISSION

SYSTEM FOR FIELD USE AT 20 Mb/s

By

1. A. Eppes
J. E. Goell

ITT ELECTRO-OPTICAL PRODUCTS DIVISION
P. 0. Box 7065

Roanoke , V i r g i n i a  24019

and

R. J. Gallenberger

NAVAL ELECTRONIC LABORATORY CENTER
271 Catalina Blvd.
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SUMMARY

This paper describes a two-kilometer optical fiber di g i tal tr ansmi ss ion  sys t em
for b it rates up to 20 Mb/s. The system includes a li ght e m i t t i n g  diode (LED)  opti-
ca l source , an avalanche photodiode (APD) receiver , and mul ti-fiber graded index
cable. The data channel elemen ts are connected via several field installable opti-
cal connec tors. The desi gn and performance of such compo nents as transmitter modules ,
r e c e i v e r  modu les , op t ica l  c ab l e , and field ins tallable optical connectors are dis-
cussed .

1. INTRODUCTION

The potential of fiber optics in long distance transmission of di gital data is
apparen t. However , w i d e s p r ead in t roduc t ion of such sys tems h i n g e s  on the ava i l a b i l it y
of adequate system components  capab le  of be ing  i n s t a l l e d  anJ p e r f o r m i n g  in the f i e l d .
The purpose of the effort discussed here was to desi gn 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
c a b l e .  The o v e r a l l  da ta  channel  p e r f o r m a n c e  i s :

o Dis tance 2 km

o Data Rate 100 Kb/s to 20 Mb/s

o Bi t Error  Ra te

o Mean Time Between F a i l u r e

0-30°C 7000 hours
70°C 3000 hours

o Input/Outpu t Electrical Si gnal Standard TTL

Data Format NRZ

o Output Electrical Signal-Di g i t a l

R i s e/ F a l l  T~PCa <15 nsec
Pulse Spread° <20 nsec

o Output Electrical Signal-Analog

SNR C >30:1

P e a k - t o - P e a k  voitage d 3 ± lv

Rise/Fall Time a <25 nsec

Pulse  Spread b <1 5 nsec

Overshoot <10%

Droop C < 10%

Optical Crosstalk (1 km) <50 dB

-~~~~~ - ~~~~~~~~~~~
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a. 10% to 90% peak-to-peak amplitude.
b. Change from inpu t pulse width to output pulse width measured at 50% points.
c . Ra tio of peak-to-peak 1 0 MHz square wave si gnal ampl itude out of 10 MHz filter

to RMS noise out of filter with source constantly on.
d . Measured across 10 K 0 load.
e. Measured for 100 consecu tive log ic ones at 100 k b / s , NRZ.

The componen t s  of the  s y s t e m  a re :

o t r a n s m i t t e r  modu le
o receiver module
o m u l t i - f i b e r  c ab l e
o buffered fiber
o one -way op t ica l  connec tor

Fi gure 1 is a d iagram of the data channel confi gura tion. The TTL input to the
t r a n s m i t t e r  modu le  is  used to m o d u l a t e  a l i g ht  e m i t t i n g  diode (LED)  o p e r a t i n g  at 0 . 8 2
tim . S i x- f o o t  b u f f e r e d  f i b e r s  are  used to coup le l i g ht  f rom the  t r a n s m i t t e r  modules
to individual fibers of the multi-fiber cable. The buffered fibers have optical con-
nec tor p lug s on each end for mating with the module jacks and multi-fiber cable.

The mul ti-fiber cable contains up to eight fibers as the core of an external
strength member cable. The cable is rugged ized  fo r  i n s t a l l a t i o n  in underg round  duct
s y s t e m s .  A f t e r  i n s t a l l a t i o n , at l eas t  6 of t h e  8 f i b e r s  are  gua ran teed  to be func-
t i o n a l .  The 2 kin d i s t ance  is t r a v e r s e d  u s i n g  two 1 km c ab l e  s e c t i o n s .  The two cable
sections are joined by five optical connectors.

At the  r e c e i v i n g  end of the  sys tem , the cab l e  f i b e r s  are t e r m i n a t e d  w i t h  the
o p tic a l  connector  j a c k s .  S i m i l a r  to the  t r a n s m i t t i n g  end , s i x - f o o t  b u f f e r e d  f i b e r s
are used to coup le l i ght to the receiver m o d u l e s .  An ava lanche  photodiode  de tec to r
(APD) is used to m a x i m i z e  s e n s i t i v i ty  in the receiver . The receiver  module  supp l i e s
the  r e q u i r e d  di g i t a l  and a n a l o g  o u t p u t s .

2 . L I N K  DESIGN

To ensure that acceptable system operation results when the various sys t em corn-
ponen t~, are conf igured as a data channel , a l i nk  bud ge t for  bo th loss and d ispers ion
is p resen ted .  These bud gets  represent  wor s t  case levels  for  each of the components
and can thus be used as accept/reject criteria. On average then , the system perfor-
manc e is c o n s i d e r a b l y  bet ter than that predicted by the loss and dispersion bud gets.

2.1 Loss Budget

The purpose of the loss budget is to identify the required optical power perfor-
mance of each link componen t. The loss bud get contributors are the transmitter out-
pu t power , connec tor losses , cable  losses , and receiver sensi tivity. The difference
between t h e  t r a n s m i t t e r  output  and the  rece iver  s e n s i t i v i t y  is t h e  power marg i n .  The
link loss is the sum of all connector and cable losses . The difference between the
power  m a rg in and the link loss equals the excess power marg in which  provides a measure
of the a l l owab le  ti me and tempera tu re  degrada t ion .

The average power out of the transmitter module is -17.5 dBm (17.9 iiwa tts) based
on e x p e r i m e n t a l  r e s u l t s  w i t h  ITT 80 l - E  and Bell  N o r t h e r n  Research  4 0 - 2 - 1 0 - 3  LEDs.  In
order to achieve the 30:1 peak si gnal  to m s  no i se  ra t io , the average power into the
rece iver detector (RCA C308l7) has to be -48.2 dBm (15 nwatts). Thus , the power m a r -
gin is 30.7 dB.

Connec tor 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 f ibe r  and s tep index fiber. In all of these cases , a wors t case loss
of 2 dli is assumed. At the detector surface , a 1 dli c o u p l i n g  loss is assumed. Hence ,
the total connector loss is 11 dli. The loss of the two graded index cables when con-
nected i s 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 dli from the power marg in of 30.7 dli gives an cx-
cess power margin of 6.7 dli which allows for time and temperature degradation. Tempera-
ture tests over the ran;e of -20°C to +50°CC show that an equivalent optical degradation
of 3 dli occurs. An additional degradation in the LED output power of 3.7 dli is there-
fore poss ib le  before  t h e  l i n k  p e r f o r m a n c e  beg ins  to f a l l  below any of the spec i f i ca -
t i o n s .

2 . 2  R i s e / F a l l  Time Budget

The rise/fall time budget is derived in much the same manner as the loss bud get.
Here a g a i n , wor st case design levels are specified. The rise/fall time budget contri-
bu tor~ are t h e  t r a n s m i t t e r  r i s e/ f a l l  t ime , 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 overal l link rise/fall time (receiver analog output)

L 

is to be less than 25 nsec .  The expected o v e r a l l  r i s e  t im e  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 liNk LEDs . A speed- ’ip network is used for both LEDs and is discussed in
more detail in Section 3.

The fiber con tribution consists of both material and multimode dispersion. Dis-
persions are measured between the 50% points of dispersed pulses coining out of the
fiber under measuremen t. 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 g ives a f iber
dispersion of 14 nsec. The effect on rise/fall time is found by multiply ing by 0.7.
Hence , the fiber rise/fall t ime contribution is 10 nsec.

The rece iver bandwidth equals to 20 MHz which corresponds to a rise/fall time of
17 nsec . This bandwidth is consis tent with the 30:1 SNR sensitivity of -48.2 dBm .

C o m b i n i n g  t he t r ansmi tt er , f i b e r , and receiver rise/fall time effects as described
above gives the required analog rise/fall t ime of 25 nsec .

3. TERMINAL ELECTRONICS

The terminal electronics functions as the electrical-to-o ptical and optical-to-
elec trical interfaces. The transmitter module contains a TTL di gital input and an
optical connector output . The receiver module contains an optical connector input
and TTL di g ital and 3 volt peak-to-peak analog outputs . The outside physical dimen-
sions of each are identical , 51 mm x 63 mm x 127 mm.

3.1 Transmitter Design

The t r ansmi tter module  is p ictured 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 elec trical interfaces consist of the TTL di g i tal inpu t , 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 wi th the current limiting resistor to decrease the LED output rise/fall
rime . To simplify getting the required optical output power , a four  pole swi tch
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 coup led into a short
graded index fiber “p igtail” which feed the optical connector jack.

The transmitter module specifications are :

Power Supp ly Vol tage +5 ±0. 2 5 Vdc

Power Supply Curren t Drain <300 mA

Data Input I’lL compatible

Optical Output Rise/Fall Time <12 nsec

Peak Optical Output Power >35 l.Lwatts

Data Rate dc to 20 Mb/s (NRZ)

3.2 Receiver Design

Fi gure 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-
mi tter module. The receiver module is powered from ± 15 and +5 Vdc supp l ies and has
two outputs , one TTL digi tal and one 3 Vp-p analog . A block diagram is shown in Fig. 4.

The rece ived optical power is coupled to the detector face through a shor t , large
core , s tep  index “p igtail” fiber. Coupling efficiency between the “pig tail” fiber and
the detector is approximatel y 80% (1 dB loss). The detector is an RCA C308l7 silicon
APD . The device exhibits high quantum efficiency, 70-75% , at the system operating wave-
leng th of 0.82 um and a rise/fall time of 2 nsec. The detected photocurrent is first
a m p l i f i e d  v i a  a bi po la r  cascode t r a n s i m p e d a n c e  amp lifier. Additional amplification is
achieved via two SN 52733 amplifiers .

The si gnal is amplified to a peak 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 “l”s or “O” s. The output of the comparator is a 5 volt peak-
to-peak signal which is fed to a 50 ohm line driver. The analog output signal is
o b t a i n e d  by i n c r e a s i n g  the  output  vol tage  of the  las t  a m p l i f i e r  w i t h  a two-stage
transistor amplifier.

A u t o m a t i c  ga in  control  (AGC) is  obta ined by peak detecting the output of the
last amplifier and supply ing 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 rece iver module specifications are:

Di g ital Data Output TTL Compatible

Total Power Supply Current Drain <300 mA

Peak -to-Peak Analog Output 3 ± I ~~~

Analog Ris e/Fall Time <17 nsec

Di g i t al R i s e / F a l l  T i m e  < 20 nsec

Analog Optical Sensitiv itv a -48.2 dlim

Di g ital Optical sensitivity b - 58 dBm

Power Supply Va riation Tolerance ±5%

a .  Avera ge 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 us ing  two f i b e r
structures. One is a multi-fiber cable which traverses the 2 km distance . The
other is a six foot buffe red 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 Mul ti-Fiber Cable

The mul ti-fiber cable consists of eight graded index fibers in lengths up to
1 km . As shown in Fi gur e 5 , the cable is forme ’ around a 2 mm optical fiber bundle.
This bundle is composed- of ei ght fibers helically laid around 1 mm filler in the cen-
ter wish polyure thane extruded over it. To provide the necessary tensile strength ,• Xevlar 49 strength member yarns are h~ l i c a l ly  l a i d  around the pol yurethane cover of
the f i b e r  b u n d l e .  F i n a l l y ,  the Kev la r ” is covered wi th Teflon~ tape wi th an outer
jacke t of polyure thane 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 ou ter
polyurethane jacket provides protection against water and abrasion .

The graded index fibers are fabrica ted using a chemical vapor deposition (CVD)
proce ss. The finished fiber is composed of three basic layers as shown in Fi gure 6.
The cc-re is 50 pm in diameter and consists of doped silica with a refractive index
p r o f i l e  w h i c h  a p p r o x i m a t e s  a p a r a b o l i c  d i s t r i b u t i o n  from the cen te r  of the core to
the  ed ge of the cladding. The cladding around the core is a layer of borosilicate
w h i c h  gives a f i b e r  d iame~ er of 125 pm. To protect the glass fiber from abrasion ,
an outer jacket of Hytrel js extruded over the glass. In addition to protecting
the g lass  f i b e r , the Hytrela~ jacket helps reduce microbending losses  in the c a b l e .
The coated fiber has a diameter of about 0.5 mm.

The cable specifications are :

Cable Diame ter 6.4 atm

Glass ~- iber  D i ame ter 125 pm

Number of Fibers 8

Tensi le Strength (2 meter gage length) 150 kg

A ttenuation (0.82 pm) <7 dB/km

M u l t i - m o d e  Dispers ion  < 6 nsec/km

Crosstalk <50 dB

M i n i m u m  Bending Rad ius  5 cm

O p e r a t i n g  Temperature Range -20°C to +50°C

-; 4 . 2  B u f f e r e d  F i b e r s

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  s to rage .  A p p r o x i m a t e l y  t e n  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 j a c k .  S i x- f o o t  bu f f e r ed  f i b e r s  with connector p lugs on

- 
- both ends are used to connect the transmission cable fibers w ith the transmitter and

rece iver  modu le s .

_ _ _ _  - -~~~ - -~~~~~-- - - -
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The buffered fibers consis t 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
h a n d l i n g ,  the  b u f f e r e d f i b e r s  are  c o i l e d  to one inch  in d i a m e t e r , up to  t h e  connec tors
on each end .

5. CONNECTOR DESIGN

Inter -connection of the terminal electronics , buffered f ibers and multi-fiber
cab les  i s  done wi th s i n g l e  w a y ,  single fiber optical connectors manufactured by
ITT Leeds (U. K.). A total of five connectors per data channel are used.

5.1 Physical Descrip tion

Fi gure 7 is a p ho tograp h of a comp le te connector. The end-to-end length is 37 mm .
The d i ameter of the main body is about 7.1 mm. Other phy s i c a l  d i m e n s i o n s  are shown i n
Fi gure  8 wi th the p lug and jack halves identified. The bulk of the connector is identi-
fied w ith the jack por tion. Holes in the flange allow the jack to be bulkhead mount-
able. The plug por tion is therefore the demountable half. No provision for terminating
a strength member is present ; hence , the connec tor onl y co up les coated fibers.

5.2 Ali gnm en t M e c h a n i s m

The al i gnmen t m e c h a n i s m  used in the connec tor cons i s ts of a j e w e l  b e a r i ng  loca ted
w it h in a p r e c i s ion m a c h i n e d  sta i n l e s s  steel f e r r ul e  as show n in Fi gure  9. I n the
cen ter 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 pm to 200 pm in 10 pm
steps so that a wide range of fiber sizes may be accommoda ted wi th the same b a s i c
connec tor des i gn. The jewel bear ing is installed in one end of the stainless steel
f e r r u l e  a t the fac tory .

The ferrule . containing the two fibers to be connected are p laced in a p r e c i s i o n
machined sleeve which ali gns the two fiber cores. Both of the stainless steel ferrules
are spring loaded to insure that the ferrules are abutted. The ali gnmen t sleeve and
f e r r u l e s  are  then inse r ted i n t o  b u l k h e a d  moun t ing  f l a n g e s . The connec tor assembly  i s
comple ted by screwing a threaded capon each end of the connector.

Assembly  of t he connec tor is simp le enough to be pe r fo rmed  ei ther in the f ield
of at the factory by trained technicians. First , 5 cm of the f i b e r ’s protective plas-
tic coating is removed to expose the bare glass. A couple of millimeters from the
pl astic 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
proces s is done by hand .

For graded index fibers (50 um core diame ter) the average connector loss is
about 2 dli with a minimum of 1 dli and a maximum of 3 dB. These results were verified
in  an i n t e r c h a n g e a b i l i t y  e x p e r i m e n t  i n v o lv i n g  25 d i f f e r e n t  f e r r u l e  c o m b i n a t i o n s .  De-
grada tion over 50 full mating cycles showed a neg l i gible increase in average loss.
Wi th step index fibers or larger core graded index fibers , the loss is expected to
reduce to abou t 1.5 dli.

6. CONCLUSIONS

To verify that the individual component loss and rise/fall time bud ge ts were me t ,
several data channels were confi gured and the signal output quality evaluated. In 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 ~~oot were about 5-7%. The bit error rate of the
di gi tal output was in excess of lO~~~’ at 20 mB/ s ( N R Z ) .  The di g i t al  output  r i s e / f a l l
time was about 6 nsec .

This effort has clearl y demonstrated that wideband communication over several
k i l o m e t e r s  ~ . ;ing f i b e r  op t i c  components  capable of f i e l d  o p e r a t i o n  can be ach ieved .
Moreover , sufficient marg in is available to ensure satisfactory operation over ex-
tended t ime and temperature ranges. Another feature evident in this effort is full
componen t interchangeability, whereby field repa ir by trained technicians is facili-
tated. As fiber optics becomes a more widely used communications tool , features such
as producibi lity, s ta b i l i ty ,  main tainability , and reliability will become impor tant
e v a l u a t i o n  c r i t e r i a  to potential users and much of the groundwork in these areas has
now been laid.

- ‘c — -—-—l--’
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Fig.3 Photograph of the receiver module
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Fig.7 Photograph of the single channel connector
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COST MODEL FOR AN OPTICAL FIBRE COMMUNICATIONS SYSTEM

Dr. T.A . Alper

P Communications Division
SHAPE Technical Centre
P.O. Box 171 , The Hague

Th~ Netherlands

SUMMARY

Thi s tu-lv ler iv es • i  cost model for an optical fibre communi~ -~t~ons system and presents the
normalized c - s r  cf such systems for several modulation schemes. Rea-;ons~ le assumptions are usei in
1.-velopi ng the model and its application is confined to transmitters that have LED sour es and use
parat- li c-i r - )e x fihro cables. For the purposes of ca1cu~ ation , a signal-to-noise ra’ 

- - req :ire r-erit
- f 70 dB is assumed for analogue systems , ar r-r-rs r rate requirement sf lO~~ is assur - -d for dig ital
system - , ant rnc-iil • i t ion rites are assumed not to exceed 100 Mbit/s . The costs per channel per

~ilometc r for a typ ical short-haul system and for a typical long-haul system are -ferived to illustrate 
j~~.- -~~ the model.

• INTRODUCTION

Optical-fibre communications systems offer many advantages In civil and military
appl~ -i t ions and most of the re advantages are attributable to the optical-fibre waveguide itself. In
,f~ iti o n to its small propagation loss and pulse dispersion , this new communications medium alse offers

- c f~- l i - w i r r ~ advantageous properties and features:

I Large Transmission Bandwidth

The optical—f ibre waveguide is one of the few types ef transmi ssion line that can
- - -ir - r - -j extremely broadband information.

ii) 0j.—ctr-i cal Isolation

Opt ic i l fibres are electrically nom- -con f ucting an~ TLU~ they pr-ovil e excellent
electrical jsolition between the transmitter and the receiver. They present no
short-circuit or grounding problems.

(iii) Electr~ nagnetic Interfer ence

The - s p t ic a l - f i l r e  waveguide is not sumceptih:e to electromagnetic interference
and it does not radiate to any significant degree.

(iv) Physical Factors

Optical fi bres and their associated cables are small in size (typical diameters
are 0.1 mrs and 5 mm respectively ) and light in weight. They are easy to transport
and to in- -tall. (Note , however , their small bending radius demands care in
ins tat lat ion).

(v) Fnvironmental Factors

Optical fibres are immune to high operating temperatures. They do riot burn ,
corrode or deteriorate under- severe environmental conditions .

( v i )  sot

In addition to their physical advantages , optical-fibre systems also have a
cost advantage , since they fall into the medium-cost bracket for electrical
communications . Furthermore, the price of the optical fibre cable in the future
will -l epend more or less entirely upon the production rate and consequently they
could become relatively cheap.

Al though optical-fibre systems are fairly new , they are already being implemented for trial
urposes , and they are expected to be widely used In the near future. Cost Is one of the Important

fict o r - that has to he considered In the implementation of any system . The communications system
desigrer- has to be able to minimize the system cost by considering trac’e-offs between repeater spacing ,
modulation rr,-th od , modulation rate and - ymrte m performance , and he can only do this by comparing the
cost and tb . performance of the various available types of optical systems.

In this paper, a cost model for an optical-fibre conanunicatlons system is presented. The cost
sf the constituents -f an optical-fibre link such as the transmitter , the repeater , the receiver and
the cable are represented as functions ~ f the system parameters. These parameters are the overall
system length , thr . repeater spacing, the modulation rate , the output power of the optical source , the
aensi tiv ity of the detector and also , of course , the loss and the dispersion characteristics of the
calle .

_ _ _ _ _ _ _ _ _ _  - —
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Cost evaluations are carried Out separately for short-haul and long-haul systems . In this
connec t ion, short-haul systems are considered to be less than one kilometer in length and it is assumed
that repeaters are not used in these systems. For both short-haul and long-haul systems, the following
modulation schemes are considered:

- Analogue Intensity Modulation (AIM),

- Pulse Position Modulation (PPM),

- Coded Dig ital Modulation (CDM).

In Chapter 2 , the total cost of an optical-fibre communications system is formulated. In this
formulation, certain practical engineering assumptions are adopted in order to permit the cost to be
expressed in terms of a minimum number of system parameters. In addition , a normalized cost per unit
length and bandwidth is defined, and the total system cost is normalized with respect to the sum of the
unit prices of a transmitter , a receiver and a repeater.

The performance measure for a modulation scheme is either the signal-to-noise ratio (SNR ) or the
bit error rate (BER ) and in Chapter 2 the appropriate measure is derived for the AIM , PPM and CDM
schemes referred to above. By applying suitable assumptions , simplified relationships between the SNR
or the BER, and the bandwidth of each modulation scheme are derived.

The numerical results are presented in Chapter 3. The performance measure ( SNR or BER) of each
modulation scheme is plotted against the bandwidth with the average received optical power as a parameter.
The average received power depends on such parameters as the link length or the repeater spacing, the
transmitter power, and the cable loss , and it is also given as a function of these parameters.

As examples of the use of the cost model , the normalized costs are derived for a short-haul
PPM system, where they are plotted as functions of the link length and information bandwidth , and for a
long-haul CDM system , where they are plotted against repeater spacing and the modulation rate.

The final Chapter contains an estimate of the optical-fibre communications system cost per channel
per unit length and comments on some of the significant results of the study.

2. COST MODEL AND FORMULATION OF THE SYSTEM PARAMET ERS

Consider the optical-fibre communications link shown in Fig. 1, where the overall length of
the syStem is L (km) and ~he repeater stations are spaced & (km) apart. The cost of such a system depends
on the cost of the transmitter unit, the receiver unit, the number of repeaters and the unit cost of each
repeater , as well as the total length and the per unit length cost of the fibre cable.

2.1 THE COST MODEL

2.1.1 Transmitter Cost

An optical transmitter consists of a modulator, a light source and associ ated driver
circuitry, and a source-to-fibre connector; its cost is designated C T~ 

It is reasonable to
assume that the cost of an optical transmitter depends on the modulation rate and the output power
of the optical source in the following manner (Refs. 2 and 3):

C
T 

(R/R
0~~

’ 

~~~~~~~ 
(i

where R o and 
~to are respectively the reference value of the modulation rate R and the reference value

of the output power of the optical transmitter P . The term C 
T 
represents the reFeren- e value of the

optical transmitter cost corresponding to the r$erence modula~ ion rate and the reference output power .
The val~ es of ~ and r~ depend on the modulation rate as follows:

y,~ 
< 1 for R < 100 Mb/s

> 1 for R > 100 Mb/s

2.1.2 Recei ver Cost -

The cost of an optical receiver Is denoted Cp , and it comprises the costs of a fibre-to-light-
detector connector, a light-detector , and a modulator . Although the cost of a light-detector varies
as a function of its sensitivity bandwidth , rise-time and quantum efficiency - many of these factors can
be combined into a mingle constant and the cost variation of C

R can be represented as a function of
merely the modulation rate. Thus,

(2 )
CR C0~ (R/R 0)

’
~

- - -I -  ~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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where C~~ Is the reference value of the optical receiver cost corresponding to the reference bit rate
Analytical considerations have shown that It is reasonable to express the exponent on (R/R0 ) by

as tefined for the transmitter.

~.l.3 Repeater Cost

The repeater cost Is referred to here as C r , and it is dependent upon the ssnsitivlty of
the repeater detector , the output power of the repeater transmitter , and the transmission rate. If
we i - - i n c  that the type of optical source and detector used in the repeater have the same cost
fcp err~ cti ce on b i t (or reodulati-in ) rate and output power as in the transmitter and the receiver units ,
the c s t  -~~ each repea ter can be formulated by :

C C (R /R )T (p /p )
fl (3 )

r or o t to

where Cor is the reference value of the optical repeater cost corresponding to the reference bit
rate and the reference transmit power.

2.1.4 Cable Cost

The cable cost Is represented here by C F 
and it is assumed to depend only upon the

transmission loss of the fibre itself. Thus C r ran he written as

= C
r 

(20 /cr ) L 
• (

~)

where C0~. is the reference value of the cable cost corresponding to a 2O-d~/km transmission loss and
a is the optical fibre cable loss in dB/km .

2.1.5 Link Cost

The total cost of the link is obtained by combining eqs. (1) to (4). Thus

C C
T

t C
R

+ N C + C
F 

(5a )

where N (Lit - 1) is the number of repeaters. Eq. (Sa) can also be expressed as

c [c 01 NC )(P /P )’~ $ C R)(R/RO)~ 
+ LC F

(20/m). (Sb )

It is useful to normalize the total system cost in the following manner in order to obtain costs per
unit length and per bit /s.

C/ELR(CQ.~. + C0~ + nC )]
(6

(0, M O
where n

~.l, N�O

Then

- 
[~i + r (1

~t~
’E
~to~~ 

+ B~J(R/R0)~ + L8
~

(20/a)

(7 )

where 0
R COR/COT

R =  Cor /C OT
B~: COF/C OT

When N 0, eq. (7)  represents the normalized coat of a short—hau l system, and when N” 1, it is the
normalized cost of a long—hau l system.

2.2 MODULATION SCHEMES

The cost formulation der ived in the previous sect ion can now be used either for a digital or
an analogue system with specified system performance. The performance measure for a modulation scheme
is either the SNR or the BER. In this study, three types of modulation schemes are considered and in
the following sub-sections a relationship betweet~ the performance measul,, the modulation rate and the
detected average optical power f s  derived.

2.2.1 A nalugue Intensity Modulation

In the AIM scheme, the emitting diode is Intensity modulated and the SNR at the receiver can
be expressed as (R.fs 1, 6 and 8).

SNR
1 

s 0.S [ Q(e/hv ) G m P
0
]2~fci0

2
~ (8

where Q Is the quantum efficiency, G is the gain of the optical detector , e and hO are the electron
charge and the energy per photon respectively, m is the modulation index and <

~ n
2’ is the total root

mean square nois, power- . P0 is the averaged received optical power and is given by

— - 

— 

- — L
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Pc/anti_10g 10[(crt + S
c
)/’lOj (9)

where ~~ Is the fibre-to-optical detector coupling losa, and is the amount of power coupled into
the fibre from a source with optical power The approximate relationship between and

P 0.5 p (NA)2
c t (10)

where NA is the numerical aperture of the fibre.

In eq. (8) Cl n
2
~ 

consists of the quantum noise, the thermal noise, the background noise,
the ..eakage and the beat noise (these are discussed in detail in Reference 6).  If we assume

Q 0.5 ,

A 0.85

G = 10,

and m l ,

eq. (8) reduces to

SNR
1 

= 6 108 P 2/[BI(2.5 l0~~ 
p 2 + 3.5 P

0 
+ 3.1)] (11)

where B
~ 

is the bandwidth of the information source and is taken equal to the channel bandwidth for
AIM. Thus, B1 can be expressed as

8
1 

= 6 108 P 2i[SNR1(2.5 
x 1o~~ P

2 + 3.5 P + 3.1)] kHz (12)

where P is In ~W.

2.2.2 Pulse Position Modulation

PPM is an analogue-sampled modulation scheme and the position within the sample period of
the leading edge of a short-duration pulse is proportional to the sampled amplitude of the information
signal. The expression for the SNR of such a system can be found in Refs. 6 and 8. If we use the same
values taken for the parameters in the AIM scheme , the expression for the SNR of a PPM system takes the
form 

6 x 108 [mK (K — 1) 
~i2

SNR = ______________________________________

~ [~~(~ .s 1o~~ p
2 + 3.5 P + 3.1)] 

13)

where K P /2P
0 

and 1’m is the peak pulse power at the receiver , and BN (in KHz ) is the noise
bandwidth. 

mThe information bandwidth of a PPM system is

B
? 

= B~/(i4K) (l’ra)

and by using eq. (13), the bandwidth is

B - 

1.5 x 101 [WK (K — 1) p
0
]2 (l4b)

where again P0 is in ~W . 

- 

[i~~~~~ .s x ~~~~ + 3.5 P
0 

+ 3.1) SNR
1J

2.2.3 Coded Digital Modulation

In this scheme , binary pulse code modulation (PCM) is implied and the main requirement would
be the achievement of a particular desired error rate, and this is determined mainly by the receiver
Input power P0 and the pulse rate. If we use the expression given in (9) for the receiver input power with
no avalanche gain, we have

P0 hv q/(QT31
~) (15)

where l/T is the bi t rate (and Is equal to R) and q is the factor that determines the error rate given
by 

BER (l/2w ) 1~~~J e ~p(_ x2/2) dx 
(16 )

For a digital receiver with additive gaussian noise, the bit rate is obtained from eq. (15) as:

R 100 (2.2 P
0
/q )2/3 Mb/s (17 )

where P is in ~W.

:~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~~~~
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3. NUMERICAL RESULTS

The study and the application of the model are confined to optical transmitters that have LED
sources and use parabolic-index fibre cables . The normalized cost values can be obtained by evaluating
eq. ( 7 )  as a function of the system length or the modulation rate. The maximum possible value of
modulation rate for each scheme is given by eqs. (11), (13) and (16). However , In certain cirrumstances
the information hardwidth can be limited t i  lower values than those calculated by eqs. (11 ), ( 13) and
(16) by virtue of the dispersion characteristics of the fibre. It follows from Refs. 4 , 5 and 7 tha t
the maximum modulation rate of a parabolic-index fIbre is

~ 2 c n
1
3 /[t(NA )~’] (18)

where c is the velocity of light in vacuo and n1 is the index of refraction of the fibre core.

3.1 ASi MlTI0N:~

Wi th regard to the ca1cu~ati r s , there are certain simplif j ing assumptions concerning the values
- f thc constants and tb ’  variables; In brief , the values of the constants are estimated from the small
quantity prices of vak-~~-~ s optical components and the range of values for the variables are constrained

the ctit’--ot-the- art . Also , In all the cases considered , the information bandwidth is limited to
100 ~1H: , ince it arpears to be the uppar limit achievable wIth LED sources.

The constants in the analysis are :

8R = l ,B r = 2, and 
~r 10,

y 0.5 and ~ 
0.5,

n1 1.5,

NA 0.7,

= U -

I Mb /s

= 1 mW

The variables in the analysis are:

1 mW < 
~~~ 

10 mW

10 dB/kn ~~~ 40 dB/km

3.? RESULTS

Wher the assumptions stated above are used in eq. (7), the normalized cost of both short-haul
arid long-haul systems can be simplified. Thus, for the short-haul systems when N = 0

- C~ ~~~ t ~( 1~ R i!2)] l0 ”/aR (l~a)

as-~ f— i r -  the 1~~r g-ha~il sy tt.rTts when N,., 1

= 5 l0~~ E~
”2 /(t R 1~2 )] + S 10 5/crR ( l qb

where P~ Is in mW , P is in Mb/s, a is in dB/km and L or t is in km.

The 2erf- r rn, ,n~-~- measure of the modulation schemes given in eqs. (11), (13) and (16) are
plott ed in Figs . 2 to -‘ against the Information bandwidth or the modulation rate. The average received
optical power (P ) , w hich Is used as a parameter , is given by eq. ( 9 )  and it can be seen tc depend on
the ll~~ length ~or the repeater spacing), the transmi tt er power , and the cable loss. The values of

are p lotted in Fig. 5 as a function of link length with transmitter power ai ..i cable loss as parameters.
One can is~ Figs. 2 to 5 to se~ ect the type of cable and the transmitter power if the system SUP or BER
and the irf ~ r ati~ n bandwId th are specified .

EquatIons (l9a ) and ( l9b ) can now be used t~ evaluate the normalized cost of the short-haul and
th e long-haul systems for a range of a and 

~t 
values by varying P and I. in the case of the short-haul

systems and P and t in the case c’~ long-haul systems. However , instead of presenting the results
for all possible cases, the use of the cost model will be illustrated with specific examples; For a
short-haul syc!orr , the PPM scheme Is consIdered and the normalized cost (C8) Is plotted in Fig. 6 as a
fus-t Ion of the 1i r ~ length and the !nfo~

’matIon bandwidth. For a long-haul system, the PCM scheme is
considered and the normalized -~~st (C L) is plotted In Fig. 7 agaInst the repeater spacing and the
modulat ior, rat.. In the ev,rluationa , 1’t and m are used in turn as the parameter.

- —  
- ~~~~— 

— 
~~- —- - - 
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3.2.1 Short-Haul PPM System

The SNP obj ect ive of this system Is issumed to be 7) dB and the maximum information bandwidth
Is pl otted against the system length in rig. 6. By selecting various combinations of ~ and one can
use Fig. 6 to  maxlmise either the inform.. lon bandwidth or the system length.

The normalized coat of the PPM system (~~~) Is plotted In Fig. 7 against the system length for
a constant informatIon bandwidth of 5 MHz. In all the cases shown , the normalized cost decreases as a
func ’ ion of the system length and one can trade-off the cable loss against transmitter power, in order to
mini mize the cost. For example , for system lengths less than 0.3 km the cost is minimum for a cable loss
of 40 dB/km and a transmitter power of 1mW , and for the same transm i tter power over system lengths of
0.3 to 0.6 km , the 20 iB/km cable gives the minimum cost. On the other hand , for system lengths greater
than 0.6 +i’ , the cost can be minimized by selecting the 20 dB/km cable with a transmitter power of 10 mW.
Thus , fo r shorter leng ths , the transmItter-receiver cost dominates and variation of the normalized cost is
determined by the system length. However, for longer system lengths, the cable cost dominates and variation
of the normalized cost is determined mainly by the type of cable used.

In rIg. 8, the normalized cost ~ Is plotted against the bandwidth for two different values
of L. For a constant P~ and a , the normarized cost is an Inverse function of the bandwidth and its slope is
dependent on the value of L.

3.2.2 Long-Haul PCM System

The BER objective of this system is taken to be l0~~ and the maximum modulation rate is plotted in
Fig. 9 against the repeater spacing. As can be seen from FIg. 9, the maximum bit  rate decreases as a
function of t and it is 0.1 Mb/s for a repeater spacing of 6 km when using the 10 dB/km cable and a
transmitter power of 10 mW.

In Fig. 10, the normalized cost of the long-haul PCM system (EL ) is plotted against the
repea ter spacing , and the modulation rate is used as a parameter. For low modulation rites, i.e.
less than 1 Mb/s, CL is nearly constant and its value is determined mainly by th~ cable cost.
However , for higher bi t ra tes, the repeater cost dominates and the varia tion of CL as a function of
t is more prominent.

~L 
is also plotted in Fig. 11 against the bit rate for a repeater spacing of 2 km with

a and P t taken as parameters. For a constant ~, the normalized cost de-reasem as a function of the
modulation rate, and has almost no dependence on Pt . For example, if baud rates above 2 Mb/s are desired ,
the 10 dB/km loss cable has to be used, and the difference in 

~L 
with ten times more transmitter

power is not significant, even though four times faster transmission rate is provided .

4. CONCLUSIONS

In this  paper , a cost model for an optical fibre communications system is derived , and the
norm alized c~st curves for a short-haul PPM system with an SNR of 70 dB , and for a long-haul PCM system with
a BER of 10 , are presented . The results obtained in the evaluations are based on reasonable assumptions
and are applicable to transmitters with LED sources and graded -index fibre cables.

The data for the short-haul PPM system is shown in Figs. 7 and 8. When the information
bandwidth is held constant, the normalized cost is effectively determined by the transmitter-receiver
cost for short system lengths (i.e. less than 300 metres) and by the cable cost for longer system lengths.
If we consider the system length of 0.5 km in Fig. 8, the minimum normalized cost is 5.5 x 10-6 for 1 MHz
bandwid th when using the 40 dB/km cable and a transmitter power of 4 mW. If C OT is assumed to be
500 US dollars, the total cost of this system for a duplex link would be 5500 US dollars (or approximately
50 US dollars per channel per km.). If a 10 dB /km cable is used , the total cost of this system would be
13000 US dollars (or approximately 100 dollars per channel per km.).

The data for the long-haul PCM system is shown in Figs. 10 and 11. At low transmission
rates, i.e. less than 1 Mb/a , the normalized cost has almost no dependence on the repeater spacing
and the system cost is determined predominantly by the cable cost. At higher transmission rates, the
total cost is more dependent on the repeater cost and the number of repeaters, and thus the variation
of the r.ormallzed cost with the repeater spacing is more evident. Also for long-haul systems, the
normalized cost is weakly dependent on the transmitter power.

If a pulse rate of 2 Mb/s~~s selected for the long-haul PCM system, corresponding to 32-channel
PCM , the normalized cost is 2 x 10 — 

for a repeater spacing of 2 km and a cable loss of 20 dB/km.
Again , if C or is assumed to be 500 US dollars, the total cost of this system is 8000 US dollars per km
(or 270 US dollars per km per channel). However, for a 10 dB/km cable, the total cost would be 12000 dollars
per km (or approxlii.ately 400 US dollars per km per channel).

The results presented in this study are, of course, only valid for the parameters considered ,
h-it we have tried to select values for these parameters that reflect the state-of-the-art. Only data

— relevant to LED sources are presented, since these are the most reliable optical sources known at
present, and the cable-loss values were selected on the basis of current coimnercially-available
products. The exact relationships between the cost, the pulse rate (or bandwidth), the output power
of the transmitter and the cable loss naturally have a significant bearing on the results. These
relationshIps are constructed on the basis of the cost analysis of several optical components. We
believe the results of the cost calculations given above for the short-haul and the long-haul systems
are within the range of conusercially-available system coSts. 

-~- 
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1 5-7

REFERENCES

I. 8.11. Gagliardi and S. Karp , “Opt ical Communications”, John Wiley ~ Sons ,
New York , 1976. Sections 4—5.

2 .  R.L. Gallawa , 11. Koyama , “A Cost Model for Optical Waveguide Communication
Systems”, Office of Telecom., Boulder, Colorado, Rep. No. 74-32, March 1974

3. 8.1.. Gallawa , “A User ’s Manual for Optic- al Waveguide Communications”,
Office of Telecom., Boulder , Colorado , Rep . No. 76-83, March 1976

4. D . Gloge, Appl . Opt., Vol. 10, pp. 2252-2258, October 1971

5. D. Gloge and E.A.J. i4arcatili , Bell System Technical Journal ,
Vol . 52, pp. 1563-1578, November 1973

6. W .M. Hubbard , Bell System Technical Journal , Vol. 52, No. 5,
May-June 1973, pp. 731-765

7. D. Marcuse , Bell System Technical Journal , Vol. 52, pp. 1169-1174,
September 1973

8. S.E. Miller , T. Li and E.A.J. Marratili , Proc. IEEE , Vol. 61, No. 12,
December 1973, pp. 1703-17S1

9. S.D. Personick , Bell System Technical Journal, Vol. 52, No. 6
July—August 1973, pp. 843—874.

- - -——————————-—- --- - .- -—-——-— 
.— -,—— ~~ --- — 

-.--- -; ‘ 

-.- - J



IS-N

R=OPTICAL REPEATER

L

OPTICAL 
R R OPTICAL[ RECEIVER

IN OU T
(ANALOG UE (ANALOGUE

OR DIGITAL) OR D(GITAL)

Figure 1: Block Diagram of an Optical Fihre Link

go. - -

BANDWIDTH (MHz)

Figure 2: Signal-to-Noise Ratio of an Analogue Intensity Modulation System versus
Bandwidth

- —  
- - -- 

— 
.- 

~~~
, - 

,~~~~~~~.- ~~~~~~~~ -



15-9

~~ 

0~ 

1. 2. 5. ia 
~~ 50. 100.BANDWIDT H (MHz)

Figure 3: Signal-to-Noise Ratio of an Analogue Pulse Position Modulation Systemversus bandwid th

~ 

~~ Po~ O5 pW

10-I 
0.05

0.005 

0.01

to_I 
0.0020 

20. 
‘

5& ~~~~~~ ~

-

. 

-

~- 
- 

.

- - INFORMATION BIT RATE (R] (Mb /i)
- -

-

.
. 

Figure ‘e: Bit Error Rate of a Pulse Code Modulation Systet, versus Inform ationBit Rate 
- -

_ _ _  

_ _ _  H 



15-10 -

100
Pt’ 10mW

50 
~~~

‘ —
- ..---.-....-- ~~~~~~~~~~~~~~~ 

— — Pt • 1 mW

20 — .-.- -
~~‘ 

-.-
,

~~~~
10 

~~~~ \,, ~~
S ~~~~~~~~~~~~

3 ~~~~~~~~~~~~~ \\
2 \\\~~~~~ \\\

\ 
\ \\ ~~~~\ \

I 
~ \ \  \\~\ \\ \~~0.5 \ .

~~~~\ 
. \0

Ui ‘ ‘. ‘\  
~
,

p 0.2 \ ‘ \ \  \ \ \
\ \\\ \

0.) \ ~~~‘ ~ .
\ ‘‘ ‘ ‘ \

0.05 \~~\ \ \  ~\\l~
0.02 \ 

~\ \ 
\ \

0_al a.IOdB/km
m.2OdB/km

0.005 ~
~ ~‘I t ‘.

0.002 % .  (I ‘iI .
0.001 . I . ‘

~~
. — -I

0.) 0.2 0.5 I. 2. 5. 10.
LINK LENGTH (or REPEATER SPACINGj 1km )

Figure 5: Average Optical Detected Power versus Link Length , with Cable Loss and
Transmitter Power as Parameters

SNRp .70dB
K • tO

—P1. 10mW
——Pta 1mW

100

50 -‘s~:” ~ .l0~~/km

— 20
N
x

•1
SYSIEM LENGTH [LI lkmJ

Figure 6: Maximu m Bandwidth of the Pulse Position Modulation System versus Link
Length for a Signal-to-Noise Ratio of 70 dB

- - - ~~~~~~~~~~ ~



1 5 -Il

11
SNR p 70 dB
BANDWIDT H ~ 5 MHz

ID — — a .  10 dB/km

— — a~ 20dB/km
a 40d B/ km

~4 9 •

Ca

‘U

9 7C
U)
0

0
Ui

~-J4 5
i

Pt~~1O mW
z 4 .  \

3

2
1 mW

I I I 1 4 • • I
QI ~2 0.3 0.4 0.5 0.6 0~ 0.8 0.9 1.0

SYSTEM LENGTH ~L] (krn)

Figure 7:  Normalized Cost of the Short-Haul Pulse Position Modulation System
versus Link Length

10 ’
SNR~~.70 dB

Pt . 4m W
—u~ 10dB/km

— 5 \. 
‘•
\ —. a.2OdB / km
.\  —— a .4OdB/km

N

2

S.’.’
8 N~

. L.0.l km

N

S..’I S..L.O.S kvn

10.1 I .
~~~~ t . . . .  I- 

- 
0.1 0.2 0.5 1. 2. 5. 10. 20. 50. tOO.

BANDWIDTH (MHz)

Figure 8: Normd~ized Cost of the Short-Haul Pulse Position Modulation System
versus Bandwidth for a Signal-to-Noise Ratio of 70 dB



15-12

200. BER • 10 ’
—.—— Pt .IO mW

100~ _— .P1. i mW

50.

r !20. ~~‘
I~~~.’ ~~~\

~,5 10. ‘II ~
Ui

~~~ 5_~~ ‘ ‘
~ ‘‘ ‘
-‘ It
D
ft.
1 2. ~ St
I

~~~
I. ‘ St

I

0.5 a.IOdB/km

a.2OdB/km St
0.2

St
St

0.1 • I •
I. 2. . 4.

REPEATER SPACING [i] (kml

Figure 9: Maximum Pulse Rate of the Long-Haul Pulse Code Modulation System versus
the Repeater Spacing , for a Bit Error Rate of iO~~

5. ,0.1 Mb/s

—_,‘O.2 Mb /s
2. /

-/05 Mb/sI 
/

‘

I

z
~~~5.

~~~~~~~~~~~~~~~~~~~~~‘2.Mb/s

2

I0~ 

~~~~~~~~~~~~~~~
‘10Mb/s

~ 

‘.•
••_•

~
______••~~ 

BER • 10 ’
20. Nb/s Pt a 10mW

/ ~ • 10 dB/km/

2. , 50 Mb/s

~>~i~oo. Mb/s

10 ’ I ) 1 1 1  I
I. 

REPEATER SPACING [t~ 1km) 
6. 7.

Figure 10: Normalized coSt of the Long-Haul Pulse Code Modulation System versus
the Repeater Spac ing for a Bit Error Rate of i0~~ . -

---.- —- — - 
---

~~~~-— — — —--- - -

________________ .1 - 
- - .- ~~~~~~~ !r~..



15-1 3

10~’ BER .10 ’
S .2km

St. —P1 .10mW
—— Pt .1mW

S.

10~

/ ‘N~~~ .20dB/km

I I
0.1 0.2 0.5 1.0 2. 5. 10. 20. 50.

PULSE RATE ER] (Mb/i)

Figure 11: Normalized Cost of the Long-Haul Pulse Code Modulation System versus
the Pulse Rate for a Bit Error Rate of l0~~

•A~~-~’ .—1. -~ a~ -



16-I

A-i ALOFT ECONOMIC ANALYSIS AND EMI-EMP
TEST RESULTS

R. A. Greenwell and G. M. Holma
Nays) Electronics Laboratory Center
27) Catalina Blvd.
San Diego, CA 92152 USA

Summary

An economic analysis of fiber optics technology for the A-7 aircraft was undertaken in July 1975. The project, Airborne Light
Optical Fiber Technology (ALOFT), was assigned to the Naval Electronics Laboratory Center (NELC), San Diego, California, to manage
the flight test and evaluate the effectiveness of s fiber-optic interface communication system in an operational aircraft. The purpose of
this paper is to present the final results of the economic analysis made of the system and to report upon electromagnetic-interference
(EMI) and electromagnetic-pulse (EM?) tests.

The economic analysis developed credible cost projections for three performance-equivalent cable alternatives: coaxial, twisted-
shielded pair, and fiber optic. These cost projections were generated by an approach which utilizes two techniques; one which computes
very specific costs of research and development (R&D), investment, and operation and support (O&S) for the data-transmission links,
and the other which computes total weapon systems cost of R&D, investment, and O&S resulting from the inclusion of the field-
operation systems. The results clearly indicated definite economic benefits with fiber optics.

Tests were also performed to determine EMI susceptibility and EMP effects on fiber-optic and wire interconnects for the A-7
navigation and weapon delivery subsystem (NWDS). These tests were performed in the laboratory and on the aircraft. Results from the
EMI and EMP tests have shown that the A-i ALOFT fiber-optic subsystem is less susceptible to EMI and greatly reduces electromagnetic
induction from an induced transient pulse.

1.0 INTRODUCTION

The A-i ALOFT program was assigned to the Air Systems Program Office, NELC, San Diego, California, for management and
control of the flight test, evalua tion , and economic feasibility of a fiber-optic interface communication system in an operational military
environment. This program, sponsored by the Naval Air Systems Command, Washington, DC, provided a meaningful demonstration of
fiber-optic systems for use as internal aircraft signal-data transmission links. Signal wiring in the navigation weapon delivery system
(NWDS) of a Navy A-i aircraft was replaced by electronic multiplexing circuits and fiber-optic interface components. The system was
first tested in the laboratory and then was installed in the A-7 aircraft in which nearly 150 flight test hours have been conducted on the
fiber-optic interconnect configuration. Definitive comparisons have been made of the original A-7 wiring and the improved fiber-optic
interconnect configuration to show EMI immunity, reduction in system transient pulses produced by high magnetic induction fields,
increased reliability, and total cost offsets.

The requirement for an economic analysis is defined in most program and planning documents. Economic analysis, as defined by
the Defense Economic Analysis Council (DEAC) and as explained in DOD Instruction 7041.3 and DOD Directive 5000.28 as well as
many others, is “the process which assists the decision maker in the allocation of resources through the determination of the costs and
benefits of each future course of .ction.” During the conceptual phase of a program, the chosen alternatives should be compared with
total life-cycle costs and total benefits before a decision is made. All the risks and uncertainties should also be addressed prior to this
decision.

The requirement for fiber optics was expressed clearly in the Operational Requirement (OR), “Mvanced Aircraft Electrical Sys-
tem (AAES).” Future threats dictate a need for an improvement in the quantity and quality of aircraf t and their avionics. The threat to
avionics must be met with a reduction in radio-frequency interference (RFI), electromagnetic interference (EMI), and electromagnetic
pulse interference (EM?). In addition, there exists a need for a dramatic reduction in weight and volume. Coupled with these items is
the desire for unproved reliability, maintainability, availability, survivability, and capability. Other ORs and Scientific and Technical
Objectives (STOs) have the same requirements. These stated requirements are the proven or expected advantages of fiber optics. The
economic -analys is effort has compared these desired benefits with other alternative wire- interconnect subsystems and , at the same time,
has determined the total life-cycle costs for each subsystem. Life-cycle costs are the total costs, directly or indirectly associated with an
alternative during its development, acquisition, and operational time frame.

2.0 ALOFT INTERFACE DESCRIPTION

One hundred fifteen signals which were originally transmitted over a very dense, parallel interface, consisting of 302 wires
(twisted-shielded pair, three-wire, and coaxial cables) were multiplexed into 13 data-transfer channels. Data were transmitted via 13
fiber-optic cables and were consolidated into a single optical connector at the computer interface. Such extensive point-to-point multi-
plexing was possible because of the wide bandwidth available with fiber-optics. Analog, digital, discretes, pulse trains, and switch clo-
sures were among the signal types which were transmitted over these 13 fiber-optic multiplexed channels. The ALOFT system was de-
signed to operate up to 10 megabits pet second. The signals were time-division multiplexed and were transmitted over the fiber-optic
cables using Manchester coding. The max imum tranunhalon distance in the ALOFT configuration was less than 10 metres, with a maxi-
mum of 5 passIve coupling points from the light source to the detector. The actual worst-case system attenuation losses through this
longest link with the greatest number of coupling points, including splice margins, connector losses, and error margin, was less than 45
dB. This was achieved with 1974 technology which conasited of gallium-alum m um-arsenide (GaAs) light-emitting diodes (LEDs), a 45-
ml) bundle, hlgh4oss, glass-on-glw. fiber-optic cables, PIN silicon photodlodes, and 3 typ es of connectors along with the appropriate
circui try needed to convurt electricity to light and, conversely, light to electrical potentials. Figure 2-I presents a side-by-aide compari-
son of the amount of copp er wiring and connectors displaced in the A-i aircraft by the 13 fiber-optic cables in the multiplexed ALOFT
system. Length, weight, and actual cost comparisons are also presented in this figure.

3.0 COST ANALYSIS METHODOLOGY

The purpose of the A-i ALOFT Economic Analysis Program was to develop valid cost estimates for perfor mance-equiv alent
digital-data transfer systems utilizing conventional wire and fiber-optics. The cost estimates were generated by an approach whi ch uti-
lized two techniques: one which compute d research and development (R&D), Inve stment , and operating and support (O&S) costs for
the fiber optics and wire in terconnect data trsnuniulon subsystems (“Bottoms-Up ” model); and another which computed the total
weapon system Costa U a result of changes In weig ht of ~he respective subsystems (“Top-Down” model). The “Bottoms -Up” model Out-
puts became one of the Inputs to the “Top-Down” model which yielded the total life-cycle cost (LCC) results.
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The “Bottoms-Up” model was designed to reflect the subsystem cost differences between the fiber-optic and wire-interconnect
alternatives. The “Top-Down” model measured changes in weight which affected dcsign options on aircraft LCC. The integration of the
two models was conducted in the following manner and is illustrated in figure 3-I :

a. Detailed subsystem I..CC differentials for a specifically designed data transmission subsystem were generated from the
“Bottoms-Up” model.

b. The delta weight associated with a specific data-transmission subsystem (relative to the baseline A-7 aircraft weights) was
utilized to determine the change in total weapon system life-cycle costs through changes in the growth or shrinkage of the airframe,

U1 engine, etc. . to support the respective changes in subsystem weight (“Top-Down” model).
c. The results from these two models were then consolidated, tested for sensitivity, and evaluated to provide the total LCC for

each alternative.

Several basic parameters had to be established before data could be input to the cost models. Production schedules and quanti-
ties had to be established for each alternative design configuration. Escalation and strategic-commodity rate increases and experience-
curve estimates had to be established for each alternative.

The base year for the economic analysis was established as beginning I January 1977 with a 3-year period assigned to perform the
research. development, and test and evaluation of a subsystem design. The next 4 years we ic assigned to the acquisition of the subsys-
tem, and the final 10 years were assigned as anticipated operational life without a service-life extension program (SLEP). The basic A-7
Navigation/Weapon Delivery Subsystem (N/WDS) is the baseline design in a total production schedule of 812 A-7E aircraft. Of these 812
aircraft, 12 are test vehicles, the costs for which are included in RDT&E fabrication costs. The remaining 800 aircraft will meet the
following delivery schedule:

1980 — 80,
1981 — 240,
1982 — 240, and
1983 — 240.

It was also assumed that, of the 800 aircraft, 675 will be operational vehicles. The utilization rate was assumed to be 35 hours per month
for 9 of the 10 years of operation. The remaining year was considered to be a wartime operational environment and the operation rate
was assumed to be 12 hours per day. A-7E aircraft attrition rates in Southeast Asia were also assumed for survivability analysis.

3.1 “Bottoms-Up” Model

NELC had the requirement of obtaining fiber-optic cost information in the development of the A-7 ALOFT Cost ModeL Many
difficulties arose in the development of the life-cycle cost model. There was no data base for production-unit costs (except for those
costs for model-shop work and prototype development). No cost models existed for component-level development such as for cables,
connectors, and , particularly, virgin-technology fiber optics. Additionally, no operational fiber-optic system had ever been constructed.
All of these factors meant that standard analytical techniques could not be applied to the study and that many uncertainties had to be
considered.

Therefore, in order to alleviate some of the overall uncertainties relating to any new technology, the decision was mane to consid-
er only those costs which were relevant to the problem at hand. This was accomplished by identifying only those life-cycle cost ele-
ments which had significant cost differences between wire-interconnect and fiber-optic con’igurations. This model was called “Bottoms-
Up” and it addressed cost changes between particular data-transmission subsystems. These cost elements were separated into 4 major
cost categories: research, development, test and evaluation (RDT&E); nonrecurring investment; recurring investment; and operation and
support (O&S). Sixteen cost elements in these 4 categories were determined to have significant cost differences and therefore became
the elements of the “Bottoms-Up” cost model.

Initial cost data for fiber-optic, life-cycle cost elements were gathered with the use of questionnaires. Appropriate Delphi ques-
tionnaires were distributed to both aircraft and fiber-optic manufacturers. Telephone and personal interviews were then conducted with
manufacturers and other organizations, as appropriate, to finalize the data collection. From the data-collection effort, cost factors were
calculated for the fiber-optic cost elements. These cost factors are summarized in Table 3-I. Except where noted, the cost factor is the

TABLE 3-I. TABULATION OF DIFFERENTIAL COST ELEMENTS.

Cost Category Cost Element Cost Element Description Cost Factor

RDT&E 1 2.1.2 Design Engineering Cost 0.80
1.2.1.3 Fabrication Cost (Test aircraft) 0.95 (labor)

1.05 (material)
1.2.1.4 Development Test Costs $100000
1.2.1.5 Test Support Costs $100 000
1.2. 1.8 Test Equipment Costs $100 000

Nonrecumng Investment 2.1.5 Initial Spares & Repair Parts 0.83
2.1.6.3.2 Maintenance Training (Contractor) $4000
2.I.~ 0 Peculiar Support Test Equipment 1.30
2.2.2.2 Training Devices Costs 2.00
2.2.2.3.2 Maintenance Training (Government) $8000
2.2.2.3.3 Instructor Training (Government) $8000

Recurring Investment 3.1.1 Manufacturing Costs 0.80
3.1.2.1 Purchased Equipment & Parts 0.83
3.1.3 Sustalning Englneering 0.80

Operating & Support 4.2.1.1.1 Organizational Maintenance 0.80
4.2.1.3 Support Equipment Maintenance 0.80
4.2.2.3 Spare Parta& Repair Material 0.50
4.2.2.4.1 Inventory Management Costs 1.60

- ~~~‘— - 
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ratio of the fiber-optic cost relative to the cost of “equal-functions” performance if coaxial cables were used. The coaxial subsystem
costs arc based upon the component types and quantities specified in NELC Technical Document 435 (ELLIS, 3. R. and GREENWELL,
R. A., 197 5). An example of the cost factor can be explained by observing the cost element number, 1.2.1.2, Design Engineering. The
cost factor value of 0.80 signifies that the estimated aircraft design-engineering cost for electrical subsystems using fiber-optics technolo-
gy would be only 80 percent of the design-engineering cost using coaxial-cable technology . For some cost elements , w here coaxial costs
are not applicable, the fiber-optics costs are estimated actual dollar values.

Besides the Delphi Technique as a forecasting tool to predict future costs, experience-curve theory was also used as a forecasting
technique to estimate the future cost behavior of fiber-optic components. Experience-curve theory predicts cost reductions for all cost
elements , including labor, development , overhead, capital, marketing, and administration. Experience-curve theory implies that present
costs obtained from industry of components in full-scale production can be expected to reduce by a fi.xed percentage of previous cost
with each doubling of industry ’s production volume. Past costs of the fiber-optic cable, which constitutes only one of the required build-
ing blocks to build interface systems, indicate that the experience-curve slope will be between 70 and 80 percent.

This means that future cost of the required fiber-optic components, which will be determined by the demand placed on industry,
should be reduced to 80 percent of the previous cost as industry’s production volume doubles. Figures 3-2 and 3-3 are current cost-
prediction curves of two fiber-optic components compared with those of coaxial-component counterparts. The fiber-optic component
costs are actual dollars, including inflation. The material cost factors in table 3-I are based upon these estimated cost-prediction curves.

3.2 “Top- l)own” Model

The second major effort undertaken was the definition, quantification, and evaluation of system effectiveness. In other words,
the determination of what benefits are received for the dollars expe nded. The comparison of total costs of each alternative subsystem
meets only half the requirements for an economic analysis. Benefits such as improved mean-time-between-failure (MTBF) and mean-
time- to-repair (MTFR) may result from one alternative or the other. Immunity to EMP, EMI , or RFI may also be achieved by one alter-
native. Signal-bandwidth capacity may be increased, cable redundancy may be improved, weight and volume may be reduced, and many
more benefits may be achieved. Each of these effectiveness parameters must be quantified, ranked, verified, and revised in terms of cost
offsets and levels of attainment. An advanced-concept cost model estimates costs and benefits as functions of design and weight require-
ments. Two effectiveness areas were pursued for total cost impact from the “Top-Down” model: weight and MTBF. In order to relate
these effectiveness factors into some quantifiable measures, a direct-cost relationship approach was applied.

3.2.1 Airframe Plus Subsystem MTBF Analysis

Normally MTBF does not vary without some equipment modifications, improvements, etc., that may have resulted from a weight
or requirement change. However, to show the effect of MTBF alone, an analysis was performed in which MTBF was varied without
considering any accompanying change in weight.

The baseline for this analysis assumed that the MTBF for the A-7E is 0.9 hour. Based upon actual data for the period January
1975 through June 1975 , the MTBF of the airframe plus subsystems was 1.5639 hours. For purposes of this study, the airframe plus
subsystems was defined as the total aircraft less the propulsion and avionics subsystems. The electrical subsystem is thus part of the
airframe plus subsystems. The MTBF of the airframe plus subsystems was varied from 1.550430 hours to 1.584552 hours corresponding
to a I 5-hour decrease to 60-hour increase, respectively, in the MTBF of each equipment which is affected by a weight change. A baseline
MTBF of affected equipment was arbitrarily chosen as 60 hours and is representative of an aircraft such as the A-i. The electrical subsys-
tern MTBF is included in the baseline airframe plus subsystem MTBF since it is beyond the scope of this effort to allocate a separate
MTBF to all components of the airframe plus subsystems.

Changing the A-i airframe plus subsystems MTBF affects 2 fundamental inputs to the “Top-Down” model. The first is the total
aircraft MTBF; the second is the airframe plus subsystems MTBF. All other MTBF’s remain the same.

Figure 3-4 was developed by combining the procurement and O&S MTBF cost deltas. The baseline cost is the same as for total
LCC sensitivity to weight, or 11 459.38 millions. The magnitude of the cost delta ranges from pIus 6.2 millions for a 15-hour MTBF to a
savings of 16.3 millions for a 45-hour MTBF change.

It is important to note that the projected cost deltas do not include cost increases nor decreases due to the RDT&E necessary to
achieve the MTBF change since this relationship is unknown and cannot be established from data currently available.

3.2.2 Weight-Impact Analysis

This model will involve changes in aircraft size which Will result from possible weight savings which occur when fiber optics are
used or the possible weight increases caused by increased wire and airframe shielding required to meet performance requirements. The
model will include cost categories normally used with t~ie Advanced Design Level (ADL) studies at McAir for making projected weapon-
system cost estimates.

The electrical subsystem weight-analysis phase of the cost benefit evaluation is executed by parametrically increasing and deaeas-
ing the electrical subsystem weight of the basic A-7 aircraft to illustrate the effect upon weapon system costs.

The relationship of RDT&E costs to electrical subsystem weight is shown in figure 3-5. Because the baseline cost is so large
(1,016.988 millions in constant 1977 dollars), the cost deltas for ±50 kilograms are ~roportionaI to the weight. The RDT&E cost delta
is, thus, linear over this range of weights. The slope of the cost delta is $1.7I6 X I 0~ per kilogram.

The Procurement cost delta was computed from the baseline cost for 800 aircraft of 4,260.198 millions of 1977 dollars. Per-
fcrming the same type of calculations as previously discussed, yields the results shown in figure 3-6. The cost delta is again linear. The
maximum positive delta is 47 millions for the addition of 50 kilograms, while the reductIon of 50 kilograms results in a negative delta of
47 millions.

It should be noted that the cost delta shown for procurement includes the cost delta shown for Flyaway and that all the spares
are included in procurement coats. The slope of the procurement cost delta is $9.6 X 105 per kilogram.

The cost delta associated with the effect of electrical subsystem weight upon operating cost is shown in Figure 3-7. The baseline
operating cqst for 675 aircraft for 10 years is 6,182.194 millions in 1977 dollars. The cost delta is piecewise linear and has a slope of
$6.05 X 10, per kilogram. The step in the cost delta between —20 and —30 kg is a consequence of the structure of the “Top-Down”
model. Integer squadron maintenance staffing is assumed, and realistically so. Thus , at a given input level, staffing must increase or
decrease by one unit which is reflected as a substantial Increase or decrease of cost delta over the life cycle of the aircraft.
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Figure 3-8 is a summation of cost deltas which shows the total life-cycje cost delta for the aircraft due to electrical subsystem
weight variations. The plot is piecewise linear and has a slope of $1 7.22 X 10’ per kilogram.

MTIW of total life-cycle coat is very small compared to weight. The relation between MTBF and life-cycle cost is non-linear
hut, by way of example, a life-cycle cost offset of $4 million was realized by either a reduction of 2.3 kilograms of electrical subsyitem
component weight or an increase of 20 hours to the MTBF of the affected equipments. The aircraft industry believes it is easier to
achieve the weight reduction than it is to increase MTBF. Thus, this “Top-Down” model was based only upon changes in aircraft weight.
However, when more valid data can be collected for electro-optic systems MTBF, both weight and MTBF cost values will be utilized in
future electro-optic economic analyses.

4.0 EMI/EMP TESTS

Several tests were performed to determine the electromagnetic-interference and pulse-induction characteristics of the fiber-optic
data link. These senes of tests conformed to the procedures of MIL-STD-46l /462 and were performed both in the laboratory bench-test
environment and with the system installed on the aircraft. The tests performed were : transient (low-level, 2000 amperes) lightning test ,
radiated susceptibility testing (simulates aircraft carrier EM environment), and wire coupled susceptibility testing (simulates aircraft EMI
s!tuat ionsl.

4.1 Transient-Analysis Testiiig

The method currently in use for determining the amplitudes and character of induced transients on aircraft is the Transient-
Analysis Test. This test applies a current pulse (similar to lightning in waveshape but much lower in peak current amplitude) to the air-
craft under test , while circuits of interest within the aircraft are monitored to record the transients which are induced (figure 4- I). When
the induced transient levels the aircraft will experience due to a full-threat lightning strike (200 thousand amperes) are of interest, the
results obtained at the lower current levels (300 to 3000 amperes) are linearly extrapolated to the 200 thousand-ampere strike level. This
tes t is non-destructive in that no damage to the aircraft avionics generally results even when the aircraft is repeatedly subjected to pulses
of these low amplitudes.

The transient voltages and currents experienced by aircraft avionics systems due to the flow of lightning currents through the skin
and structure of an aircraft are considered to be coupled into the avionics, in general, by three different mechanisms: (I) electromagnet-
ic induction into the power-supply wiring within the aircraf t , (2) electromagnetic induction into the low-level signal wiring within the
aircraft, and (3) electromagnetic induction directly into the device or subsystem from the electric and magnetic fields generated within
the aircraft due to the lightning current flowing through the structure. Little information is available to date on the relative importance
of these 3 mechanisms.

This test provides a simulation of a natural and expected environment and has been performed in numerous aircraft with valid
results. However, it should be noted that previous aircraft used all-wire systems and that energy induced on existing standard signal and
power wiring may mask the test results in a hybrid (wire and fiber) configuration.

4.2 Radiated Susceptibility Testing

The fiber-optic data link was exposed to radiation at several discrete frequencies from IS kHz to 10 GHz as shown in figure 4-2.
RF field strength measurements of the radiation incident on the link were made for several frequencies in order to relate test levels to the
carrier environment. Transients induced in the conventional wiring and performance factors in the fiber-optic link were measured by
interference analyzers which were located in a shielded enclosure away from the test area.

Radiated susceptibility testing is a low-risk, inexpensive method of simulating an aircraft carrier electromagnetic environment.

4.3 Wire-Coupled Susceptibility Testing

This test was performed by applying a noise signal to a test wire which was taped adjacent to the fiber-optic and conventional-
wire bundles. The system was then operated in the most susceptible mode and performance was observed for degradation while the
amplitude and modulation of the noise signal were varied. The noise signal was generated using a transient generator as shown in figure
4-3 with variable pulse rate and amplitude. Forty-five, 100, and 200 volt spikes were induced on the test wire to determine evidence of
degraded system operation.

5.0 EMI/EMP TEST RESULTS

In a benign EMI and lightning environment, the multiplexed fiber-optic system possessed the same accuracy as the non-
multiplexed wire system. In an EMI or lightning environment, the multiplexed fiber-optic system was superior to the non-multiplexed
wire system. The majority of the induced transients were found to be ntroduced on the signal wires and not on power wires or box
couplings. This indicates that fiber optics will solve many EMI/EMP problems.

LI Transient Analysis Teat Results

These tests simulated a lightning-strike test as performed by the Flight Dynamics Laboratory, Wr ight-Patterson Air Force Base.
These tests were conducted at NATC, Patuxent River. Various test points in the NWDS computer were monitored while the aircraft was
exposed to the simulated lightning strike. In the fiber-optic configuration, the induced voltages within the computer when exposed to a
simulated lightning strike, were 85-to-90 percent less than the induced voltages in the wire configuration. Thus, the fiber-optic configura-
tion would be much less susceptible to damage if the aircraft were to be struck by lightning. This is even more significant considering
that the A-7 aircraft signal wiring is all double-shielded wire. Since a lightning strike is very similar to an electromagnetic pulse (EMP) in
its induced effects on avionics, the same results could be carried over to EMP susceptibility.

5.2 Radiated Lxnission/Susceptibility Test Results

Radiated emissions in the frequency range of 14 kliz to 50 MHz were far below the limits of MIL-STD-46 IA. Except for a nar-
rowband signal at about 118 Mhz  and one at about 210 MHz, no signal was recorded which was above the receiver ambient noise level.
Even these signals appeared to be transient in nature and could not be repeated.
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No malfunctions of the data link occurred when it was subjected to the following electric fields:

14 kliz to 35 MHz 10 V/rn
35 MHz to I GHz 5 V/rn
l (;l-lz to loGHz 5 V/m

The results of these laboratory bench tests indicate that the fiber-optic cable and its coupling devices for attachment to the d ee-
tronics units do not emit significant radiation in the specified frequency range.

In addition, the operation of the fiber-optic data link was not affected when exposed to the specified electric fields.

s .3 Wire-Coupled Susceptibility Test Results

The first of these tests were performed at LIV with the ALOFT hardware operating with the A-7 simulator. These tests meas-
ured the bit-error rates of the NWDS double-shielded wire interface and the NWDS fiber-optic interface when exposed to EMI. The bit-
error rate for tht multiplexed fiber-optic interfac e was 500 times lower than the bit-error rate for the non-multiplexed wire interface
when exposed to the same EMI levels. The bit-error rates are shown in table 5-I.

The second series of these tests consisted of quantitative tests performed at McDonnell Aircraft Company, China Lake, Califor-
nia. The HUD (Heads-Up Display) and PMDS (Projected-Map Display System) were monitored for picture quality while the systems
onboard the aircraft were exposed to EMI. No interference with the displays could be observed when the fiber-optic cables were exposed
to EMl. The display quality was severely degraded when the single-shielded wire was exposed to EMI. It was found, however, that a
massive Increase in the bit-error rate is required to produce a noticeable decrease in the quality of the displays.

TABLE 5-I. SUMMARY OF BIT ERROR RATE TEST RESULTS.

Data Transmission Errors Induced
Time Interval Data Transmitted (Number Bit-Error Rate

(minutes) (Number of Bits) of Errors) (Errors/Bit)

Fiber optics exposed to EMI 20 2.6 X l0~ 0 ~‘C3.9 X l0~~
Wire exposed to EMI 1.67 2.1 X 106 42 2.O X l0~~
No EMI exposure 52 6.7 X l0~ 0 ~ 1.5 X l0~~

Test levels from RSO2. MIL-STD 46 1/462 were 20 amperes, 100 volts , and 10 pulses per seco’sd.

6.0 ECONOMIC ANALYSIS RESULTS

The results indicate, in the comparison between conventional-wire systems and fiber-optic systems, fiber-optics technology clear-
ly provides substantial future benefits of reduced system weight, survivability, improved reliability, increased data transmission, and ease
of maintenance at reduced life-cycle costs while meeting or exceeding the future requirements of EMI and EMP.

The results of the economic analysis are summarized by system configuration, electromagnetic environment, and wire-fiber inter-
connects. These results, of course, must be bounded since they are constrained by the basic assumptions of the program. The major
assumptions were :

- All costs are assumed to be applicable to a new program, not to a retrofit program since all the alternative configurations are
new design subsystems for (he A-7;

- Cost elements will be developed only where differences between conventional wire and fiber-optic costs occur for the
“Bottom’s-Up” approach; and

- Fiber optics presents no serious development, reliability, nor production problems and the fiber-optic components are environ-
mentally qualified with life expectancy equal to that of comparable conventional wire components.

For the coaxial TSP, and fiber optics, actual costs are used wherever possible. Specifically, costs of materials were requested
from several sources although they were not always received. Where actual data were unavailable, engineering judgm ent was exercised.

The cost data resulting from exercising the “Top-Down” and “Bottoms-Up” life-cycle cost models applicable to the A-7 aircraft
have shown that fiber optics is an attractive alternative to conventional wire data-transfer systems in most cases and especially when the
EMI environment places severe demands on the amount of protection required.

For the A-7 ALOFT configuration, the cost results conclude that fiber optics Is the best choice followed by TSP and then coaxial
in all EMI environments except the one case where the “Top-Down” results indicate the positions of TSP and coax are reversed for the
100 volt/metre (baseline) environment. The total LCC of TSP and fiber optics applied to the A-7 ALOFT configuration are similar.
Such a result is highly encouraging in that fiber optics must necessarily carry the burden of large RDT&E costs plus nonrecurring invest-
ment maintenance and instructor training costs. Mswnlng reliability objectives for fiber optics can be realized, this investigation con-
cludes that recurring investment and operating and support costs for TSP are greater than those toT fiber optics. For the completely
multiplexed A-7 aircraf t configuration, fiber optics is the only system to show a cost savings over the baseline syst em in all categories of
environment (eg, in the most severe environment (EMP) a T~~ system costs more than the baseline system)~ The weight savings due to
multiplexing translate into a significant cost pay ofT. Savings are realized both by lower total equipment costs and larger weight savings.
For the 100 point-to-point data-link case, the use of fiber optics does not appear to be just ified for any environmental situation, princi-
pally due to the large amount of conversion components. Only if a situation exists where an aircraft system will not function unless a
selected number of fiber optic transmission lines are employed in critical areas can the unmultiplexed point-to-point technique be eco-
nomically justified.

Sjmilaglv, the cost data resulting from exercising the top down and bottoms up life cycle cost models applicable to the advanced
A-7 (data bus) aircraft have shown that fiber optics is an attractive alternate to conventional wire data transfer. For the baseline system
in the 100 volt/metre environment, a 25-percent savings In LCC is realized using fiber optics for data transfer instead of conventional
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wires. A lso, the LCC increases as the environment becomes more severe for both the conventional wire and fiber-optic configurations,
but the Increases are significantly larger for conventional wire. There is no linear relation between weight increases and ICC increases.
These results are summarized in table 6-I. Tables 6-2 through 6-7 provide the total costfbcnefit estimates for the basic A-i NWDS and
the complete A-i Data-Bus configurations.

TABLE 6-I. SUMMARY LCC RESULTS FOR A-7 ALTERNATIVE CONFIGURATIONS.

A-i Alternative Electrical Subsystem Configurations

Mission
N/WDS Comp lete Critical Point-to-Point Data Bus

Alternative Electromagnetic Environments (volts per metre)

100 200+ J 50K 100 200+ 50K 50K 100 200-i- 50K 100 200+ J 50K
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not not
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applicable 
___________________________ 

applicable

(unmux) ~~TotalLCC

~ Botto ms Up ilL::: ::::~~~

~ Fiber iiuiii ii l IllIllilil 11111111
Optics ~ Top Down
(mux )

~~Total LCC

Bottoms Up ____

~ 
I I l I l I~ not ~~~~ ~~~~~ 1111011

~ Top l)own a licable ::~~:::sisiun i uiiss u. si lnissi n..iiui . si ,i ,isi m pp .s.s ,ui nniiuu s u n...
~ (mux) 

~~Total~~~~ ____

~ Bottoms Up

__________ 
not not not not

(mux) ~ Top Down - applicable applicable applicable applicable

~ Total LCC :J~:j~:_______

lowest life-cycle cost second lowest life-cycle cost highest life-cycle cost
based on a production of 800 aircraft and assumed 675 operationally ready.

TABLE 6-2. A-7 & NWDS COST/BENEFIT EVALUATION FOR A 100 VOLT/METER EMI ENVIRONMENT.

(Constant 1977 dollars, millions) -

Fiber Optics
Pessimistic Most Likely Optimistic Coaxial TSP

RDT&E $1.07 $ 0.32 $0.17 $ 0.09 $ 0.20
Investment (Nonrecurring) 0.52 0.46 0.40 0.66 1.08
Investment (Recurring) 0.52 0.46 0.40 0.76 1.27
Operation & Support 0.14 0.13 0i2 0.45 0.88

Total Life Cycle Cost
(Current 1977 Dollars) $ 2.25 $ 1.37 $ 1.09 $ 1 .96 $ 3.43

b.sed on a new production of 800 aircraft and assumed 67 5 operationally ready.

TABLE 6-3. A-75 NWDS COST/BENEFIT EVALUATION FOR AIRCRAFT CARRIER EMI REQUIREMENTS (IN MILLIONS).

Fiber Optics COAX/TRIAX TSP/TDS

RDT&E $ 0.32 S 0.93 $ 0.47
Investment 0.92 6.90 3.79
O&S 0.73 3.58 1.85

Total(I9i7 Dollars) 1.37 11.4 1 6.11

besed on a production of 800 aIrcraft and assumed 675 operationally ready.

_  
_ _  

_ ___

I

~~~~~~

—- -
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TABLE 6-4. A-7 NWDS COST/BENEFIT EVALUATION FOR A TACTICAL EMP ENVIRONMENT (IN MILLIONS).

Fiber Optics COAX/TRIAX TSP/Double Shield

RDT&E $ 0.32 S 1.05 $ 0.6 1
Investment 0.92 7.82 4.56
O&S 0.13 4.02 2.29

Total (1977 Dollars) L37 12-89 7.46

on a production of 800 aircraft and assumed 675 operationally ready.

TABLE 6-5. A-7 DATA BUS COST/BENEFIT EVALUATION FOR 100 V/M EMI REQUIREMENTS.

Cost Elements Twisted-
(1977 dollars, Millions) Fiber-Optics Shielded-Pair

RDT&E $ 4.7 $ 5.4
Investment 115.0 170.4
O&S 21 .0 32.7

Total S 140.7 $ 208.5

TABLE 6-6. A-i DATA BUS COST/BENEFIT EVALUATION FOR AIRCRAFT CARRIER EMI REQUIREMENTS.

Cost Elements Twisted-
(1977 dollars, Millions) Fiber-Optics Shielded-Pair

RDT&E S 6.0 $ 12.8
Investment 114.9 243.4

O&S 21.0 57.9

Total 5 141.9 $314.1

TABLE 6.7. A-i DATA BUS COST/BENEFIT EVALUATION FOR A TACTICAL EMP ENVIRONMENT

Cost Elements Twisted-
-(1977 dollars, Millions) Fiber-Optics Shielded-Pair

RDT&E $ 6.0 $ 18.6

Investment 120.4 178.2
O&S 21.7 72.8

Total $ 148.1 
— 

S 269.6
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NUMBER OF W tRES/CABLES
TOTAL LENGTH
TOTAL CABLES & CONNECTORS WEIGHT
TOTAL CABLES & CONNECTORS COST
TERMINATION & TEST COST
TOTAL COST

O R I G I N A L  WIRE FIBER OPTICS

302 
(MULTIPLEXED)

1890 FT (576.07 M) 13
31.9 LB (14.45 KG) 224 FT (68.27 M)
$O.35K 2.7 LB (1.2 KG)
$1 .28K $0.79K
$1.63K $0.24K

$1.03K

Figure 2-1. SIde-by-aide comparison, fIber-optic and electrical cables.
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“TOP-DOWN” “BOTTOMS-UP”

A-7E WEAPON SYSTEM
EXCLUDING DATA DATA TRANSMISSION
TRANSM I SSION LINK L I N K

GROSS A-7E
FACTORS/COSTS

~1~

LCC 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

MODEL

~LCC OF THE A-7E DUE _ _ _ _ _ _ _  ~ LCC OF THE DATA
TO THE INCORPORATION 

_ _ _ _ _ _  
I TRANSMISSION LINK

OF THE DATA
TRANSM ISSION LINK _ _ _ _ _ _ _ _ _ _

SUBSYSTEM
LCC MODEL

LCC ASSOCIATED WITH
THE INCORPORATION
OF THE DATA TRANS-
MISSION LINK INTO DETAILED DATA
THE A-7E TRANSMISSION LINK

FACTORS/COSTS

FIgure 3-1. Two-level LCC approach.
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FIgure 3-2. Cost-predIction curve: cables.
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WIRES OR
FIBERS STANDARD POWER

WIRING

I
INSTRUMENTATION

SCOPE

TRANSI ENT
GENERATOR

2000 AMP S

Figure 4-1. Transient (low-level 2000A) lightning test.

W I R E  OR
FIBER OPTICSL ADAPTER [— ADAPTER

DIRECTIONAL RF
HORN POWER

A NTE NNA SOURCE

Figure 4-2. Radiated emission susceptibility testing.
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Device and System Concepts for Multimode Single Fiber Optical Data Links

D. H. Nc Mshon and A. R. Nelson
Sperry Research Center, Sudbury, Massachusetts 01776

H. Wichansky
U. S. Army Electronics Couiunand , Fort Monmou th , New Jer sey 07703

SUi~ ARY

The pr inciple of internal reflectance at grazing incidence is being used to create devices for
control ling guided multiinode light by electro—optic means. The feasibility of multiple switching has
been demonstrated through the construction and evaluation of a variety of devices including modulators ,
couplers and isultip lexers. Such devices add impetus to the grow th of the multimode si ngle fiber tec h-
nology by present ing new opportunities for system design.

1 - II~(1R0DIXTION

Much of the research and development in the field of optical communication has traditionally
been divided into two distinct technolog ies, fiber bundle li nks and integrated optics. The advantage
of the former lies in its immediate practicality; the advantage of the latter lies in its greater band-
width over long distances.

While the fiber bundle technology has often been used to demonstrate the feasibility and bene-
fits of simnle point—to—point coimsunications systems , it has numerous disadvantage for multi—terminal
applications. The principal disadvantage is the packing fraction losses that occur at all passive
interconnect points . The effects of such losses can be minimized by employing Star Couplers (HUDSON,
M. C., 1974) but only at the expense of increased cable usage . Attendant disadvantages include poten-
tially higher costs for cable and passive interconnect devices and the inability to redirect optical
signals electrically except through mechanical or cost—prohibitive neans.

Conversely one may cite the disadvantages associated with the single mode technology. It is ,
of course , recognized that the tremendous amount of research in the development of integrated optics has
produced significant progress both in device conceptualization and implementation. However the problems
relating to the implementation of this technology to fiber optic systems are severe and largely unsolved .
The princi?al problem is the d ifficulty of coupling and splicing, not sol ved after a decade of research
on integ r ated optics. Additional , but less severe problems are fragility, lack of redundancy, and
incompatibility with long-lived inexpensive LED sources .

Because of the difficult ies associated with single mode and multifiber bundles , an intermediate
technology has emerged — multimode single fiber links. Study programs have been undertaken at both
IJSAECOM and at the Sperry Research Center to clarify the comparative merits of the three technologies.
A systems analysis performed at USAEC OM has indicated clearly the benefits to be derived from the multi—
mode single fiber approach — lower cable costs , relat ive ease of splicing and interfacing, simpler
pass ive interconnect structures , and compatibility w ith LED as well as laser sources (D~~RK IN , L., 1975;
WICHANSKY , H., 1976). Simultaneous analyses carried out at the Sperry Research Center first used thermo-
dynamic arguments to demonstrate that one cannot usefully mix single and multimode components in the
same link without incurring overwhelming losses (McMAHON , D. H., 1975). Subsequent studies showed tha t
transformer coupler such as the taper ease positiona l alignment only at the expense of more ciritical
angular alignment (NF1SON , A. It ., 1975). It now appears tha t the multimode single fiber technology can
be applied to a majority of envisioned military situations and that it offers an Optimum mix of benefits
for multi-terminal links. ~~brication of passive interconnects is simplified and packing fraction losseseli.inated. LED sources already exist capable of coupling more than 300 ~W of opt ical power into 75-pm
sing le fiber channels. Moreover many applications neither need GHz bandwidths nor require communication
over very long distances.

Addit ional benefits would however accrue to the multimode single fiber technology if concepts
ex isted for controlling the routing of optical signals electrically, One could then gain many of the
advantages of integrated optics while avoiding the difficulty of coupling single mode fibers.

2 IIJLTIMOD€ ELECTRO-OPTIC GUIDING CONCEPTS

A suitable technique for creating active optical switching devices has been found at Sperry ,
This techn ique uses the quadratic behavior of Smell’ s law for light incident at grazing angles onto
boundar ies containing small refractive index discontinuities to cause electrically controllable amounts
of refract ion or reflection. Using Snell’ s law in the small angle approximation , the crit ical angle for
interna l reflection e~ can be expressed in terms of the index of the medium n and the index change An
across the boundary as 

~c
2 = 2An/n. Th~ importanc e of this quadratic behavior is readily apparent .

Namely, fractiona l index changes of l0~’ suffice to produce a critical angle of 1.70 and hence enable
one to ref lect or to pass any beam having an angular divergenc e of lesi than this amount. The utility
of the above observation stems from the fact tha t index changes of 10” can be produced electro—
optically in a variety of materials , e.g. , Sr

i~~
Ha
~
Nb
2
O6, ~~~~~~~~~~ Ra 2NaPlb5O15, Li’~RO3 and Li”b03.

Of these materials , LINbO3 ( LN) and LiTaO3 (LT) appear most practical at the present time .
The crystal growth art for UI and LT has become highly refined in recent years. Large boules 12 cm
long and 5 cm in diameter with excellent optical quality and high resisti vity are now grown routinely
and are commerc ially available at Costs of $9/cm3. These materials can be polished without introducing
s ignificant work s t ra i n , have a high Peckel ’s coeff icient , a low loss tangent , are reistant to optical



damage , and are stable against depoling over the entire military temperature range .

Given the mater ials LN and LT to work with , how does one proceed to build practical devices?
The pr incipal design criterion, high input and output coupling efficiencies between fibers and electro—
optic material , can be met by choosing the thickness of the electro—optic medium to be approximately
equal to the cor e diameter of the fibers. The simplest type of electro—optic multimode device that one
may construct consists of a single electro—optic channel . Such a device is shown in Fig. 1. This
structure differs from that of Channin (CHANNIN, 0., 1971) and Campbell et al. (CAMPBELL , 3. C., 1975) in
that the upper and lower surfacesof the crystal are used both to confine the injected light to the
crystalline layer, and to crea te perpen di cular electric fields through the entire thickness of the crystal.

Although it is readily apparent that the high index of LN or LT (-‘- 2 .2 for both e and o rays)
suffices to confine a highly dive rgent light beam to the crystal , such highly divergent light beams
cannot be readily controlled in the plane of the crystal by electra—optic means. Using the structure
shown in Fig. 1, an excitation of 400 volts across a 75 i’m thick crystal produces a lO—~ cha nge in index.
As noted above , this chang. is only sufficient to guide li ght that diverges by =1 .7° in LT or LN or .
because of the Index change oetween crystal and air , about ±3,80 in air.

A potential problem then arises due to the fact that voltages much in excess of 400 must be
avoided in order to prevent breakdown through the crystal and the fact that most multimode fibers have
divergence angles appreciably greater than ±40 in air. A very simple technique has been developed at
Sperry for simultaneously collimating the light while butt coupling the light to the electra—optic
crystal , thereby eliminating the need for external lenses. This collimation technique , illustrated In
Fig. 2, allows the ±7,50 to ±150 emission angle of multimode fibers to be controlled electro—optically
in LT or UI without exceeding the crystalline breakdown voltage.

In Fig. 2(a), divergent l ight is incident at angle $ from glass through air Onto a crystal
having an index greater than glass. Snell’s law indicates that rays incident at larger angles are bent to
a greater degree than rays incident at more normal angles . Figure 2(b) shows a natural extension of this
idea where the intermediate air region has been eliminated by cutting the fiber end at an angle and
directly butting the fiber to the crystal. One can readily show for a glass—IT (or LN) interface that
fibers terminating at angles of 69~, 76° and 79 ° yiel d collimation factors of 2, 3 an d 4, respectively.

3. L~ V ICE APPLICAT IONS

By controlling the effectiveness of the electro—optic channel , one can construct the two port
modulator shown in Fig. 3. This device uses a 75 i’m thick c-cut wafer of LT 1.5 cm long with Cr/Al
stripe electrodes. Such a modulator was fa bricated at Sperry (NElSON , A. R., 1976) . The modulator
yielded the response curve shown in Fig . 4. Although the insertion loss from a Corning fiber is rela-
tively large due to the use of normal—incidence butt coupling , 50% and 25% modulation depths were induced
with 15 V and 5 V ac rms, respectively. The rise time of this modulator was measured to be less than 3 ns.

Additional improvements in the design of modulators of this type were recently obtained at
Sperry (NELSON , A. R., 1976) using the double stripe—electrode geometry shown in Fig. 5 and 2:1 collima-
tion via non-normal incidence butt coupling. Results for both TM polarized and unpolarized light are
suammrized in Table I. Although significant improvements are demonstrated in Table I, add itiona l
improvements , especially in throughput loss, appear possible.

The next device fabrica ted at Sperry was the electrically controlled directional coupler (SOREF ,
A. R., 1976) showi in Fig. 6. In this case a 54 i~m thick c-cut plate of si ngle crystal LN was used. The
branch angle lies at 10 angle with respect to the main channel an d has a width that tapers to zero in the
interaction region. The gap between the branch and main cha n nels wa s 75 ~m and the total crystal length
1.7 cm. The switch was designed to work with a light beam havi n g an angular divergenc e of ±20 in the
crystal ( i . e . ,  ±40 in air ) for which case the 10 bra nch geometry creates an active 3 dB coupler . LII
was chosen because the dielectric anisotropy enlarges the lateral spread of the fringing fields into the
interelectrode region of the crystal .

If electrical excitation is applied only to the main channel , the lower index of the crystal
in the interelectrode gap acts as a barrier that reflects light incident on this wall back toward the
main channel axis. If both b~ench and main channel electrodes ar, excited, the barrier is removed an d
the switch acts as a 3d B directional coupler. The response of the coupler is shown in Fig. 7 for
intermediate voltages applied to the branch channel. With this coupler the achromatic nature of the
electro.-optic barriers was verified by using white light excitation from an incandescent source.

A more recent project being carried out at Sperry under USAEcOM sponsorship is the construction
of an optical data link using optical multiplexers to achieve time division mult iplexing.  Fi gure 8 show s
a block diagram of half of a bidirectiona l multiplexed data link , Manchester coded, 32 (bit/s asynchro-
nous light signals of the same wavelength , origina ting at any oneof 12 LED (or laser) sources are coupled
to the mul tiplexer via optical fibers havi ng core diameters of 75 i’m and numerical aperture s of .2 to .3.
All 12 signals are multiplexed onto 3 single fibers of the same type , are transmitted a distance of up
to several kilometers , and are subsequentl y demu ltiplexed back into the 12 component signals. Aside from
the LEDs and photodet ectors , and optical synchronIzation signals , mul tiplexer and denulti plexer ends of
the link are identical.

Sperr y ’s imp lementation of this multiplexed link makes use of three 4:1 optical mul tlp lexer s
of the type il lustrated in Fig. 9 at each end of the link for transmission of light in one direction.
As shown in Fig. 9, each individual 4:1 multiple xer is fabricated from a 50 to 75 ~m thick c—axisoriented crystal of LI ~~ inclu des electrodes on top and bottom surface s to create a main channel , four
b ranc h cha nnels , and four gates to couple branch channels tc the main channel . Here,as in Fig. 5,
chan ’~els are created by guiding light between two lower index stripe barriers created electro—optica lly.
The two—stripe barrier approach was adopted because 1) optical absorption at metal —crystal interfaces is

- 
—-- ----- - - -~~ - --- - 
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eliminated , 2) the possibility of optical damage is reduced by propagating light in the low field regions ,
3) crosstalk is reduced because li ght traveling outside a guide is prevented from entering the guide and
4) more ideal 3 dB coupler action is expected because no decrease in index occurs under the gate elec-
trades when the inhibit voltage is removed.

Deiaultiplexer action results by sequentially removing the inhibit voltage one at a time from
the four gate electrodes thereby producing a junction that permits approximately one—half of the light
to propagate down the corresponding branch channel . The reciprocity theorem guarantees that the demul-
tiplexer will work equally well as a multiplexer for light traveling in the reverse direction.

The multiplexer was designed for use with available multimode fibers having core diameters
from 50 um to 75 i’m and numerical apertures from .2 to .3. Non—normal incidence butt coupling, not
shown explicitly in Fig. 9, was used to achieve a 4:1 collimation factor and compatibility wi th these
fibers. The angularly terminated fiber increases the width of the channels to 355 i’m in the plane of
the crystal . A branch angle of 10 was selected to yield 3 dB switching action with an excitation o(
400 volts . From geometric considerations , one can cal culate that the length of the multiplexer must be
4.5 cm and th~e width .25 cm. Clearly three 4:1 multiplexers can be fabricated on a single crystal wafer
to achieve 12:3 multiplexing action .

The performance of one 4:1 optical multiplexer design fabricated at Sperry is shown in Fig. 10.
A length of fiber (.2 NA , 55 i~m diameter) with angular termination was directly butt coupled to the main
channel input of the multiplexer . All nodes of the fiber were equally excited by illumination with a
He—No laser and lens arrangement. A similar fiber was butt coupled to the output surface and was moved
along the output surface to obtain the results shown in Fig. 10. The figure shows that the input inser-
tion loss for light traveling along the main channel is 8 dB, that the total insertion loss through any
one of the branc h channels  is 15 dB , and the signal to crosstalk ratio is 10 dB.

4. SYSTEM CONSIDERATIONS

Because of excessive weight , bulk , electromagnetic interference and bandwidth limitations of
metallic wire cables , investigations have been under way at IJSAEX OM for five years to assess the sui~a—
bility of optic cable for current and future Army teleconsnunication systems. Although initial emphasis
was on replacing cables on a point—to—point basis , recent efforts have centered not only on the trans-
mission aspects but also on the electronic functions performed in a multi—terminal communications environ-
ment. Specifically, an assessment of technologies available for signal routing and signal processing
was sought. If functions such as switching, multiplexing , signal ad dressing, and sign a l coupl ing could
be performed optically, costs savings mig ht result as well as increases in system reliability.

Recognizing the practicality of present multimode optical links , in particular the compatibi-
lity with reliable and low cost LED sources , the relative ease of coupling and splicing, the ability to
fabricate low loss and low cost passive interconnect components , and recognizing the incompatIbilIty of
the multimode technology with integrated optics , the need for creating multimode switching devices
became apparent .

The optical functions required in military teleconsilunication systems have already been enu-
merated in some detail (WICHANSKY , H., 1976). The broadest division involve s splitting optical link
interconnect components into two groups: passive interconnects and electrically controllable inter-
connects. Additional classifications result by considering the relative power transferred (i.e.,
coupler vs power divider) at a signa l routing intersection. As one illustration of the merits of active
vs passive coupling let us consider a l:N optical power splitter wnich , used in reverse, becomes a N:l
optical combiner. Since one recognizes that at least an N—fold optica l power division must occur in a
l :N coupler , any active switching structure that routes more than 1/N of the light power toward a selected
receiver represents an improvement over passive coupling . Conversely, optical reciproc it y guara n tees
tha t  a t  best only l/Nth of the power entering a N: l  combiner wi l l  propagate down the output channel .
Optical reciproc i ty also then guarantees that  a useful l:N switch offers identical advantages as a N:l
combiner.

There are significant reasons for specifically addressing the design of an optical multi plexer.
First , the construction of a multiplexer demonstrates the feasibility of multimode switching. Second,
the construction of a time division multiplexed link using optical multiplexers enables one to make an
assessment of this approach relative to alternative , better established technologies such as electrical
or surface acoustic wave multiplexing. Third, many of theproblem s associated with multimode switching
are included as part of the construction of a multiplexer . The problems of coupling fibers to electro—
optic materials is important and must be handled satisfactorily. The ability to perform switching
functions with sufficient rapidity is another. Thus while one might hope optimally that optical
mul tiplexers will supplant other techniques for performing this function, such a result is by no means
necessary to gain value from an optical multiplexer program.

The feasibility of routing multimode optical signals has been demonstrated, Device structures
are simple and readily fabricated using cosusercially available electro—optic materials. The approach
is compatible with simple , efficient butt coupling procedures,and non—normal incidence butt coupling
allows compatibility with the properties of available nultimode fibers. Finally, switching voltages
are modest and not critical , and device operation is independent of wavelength. Modulators, couplers
and nmltiplexers based on the pr inc ip le  of electro—optically induced reflection barriers have been
fabricated and evaluated . In particular the function performed by the Sperry Optical multiplexer design
appears d i f f icul t , if not impossible , to accomp lis h in any other way optically. The measurement of the
performances of these devices already facili tates a comparison with alternative approaches. Moreover
the steady stream of advanced concepts which has been forthcoming leads one to believe that significant
additional improvements in performance can be expected in the field of multimode optical switching ,
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D, H.
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TABLE 1 Summary of modulator performanc, measured for singl, and
double stripe channel geometries for LiNbO3and LiTaO3 with
and without collimation and polarizer.

MODULATOR VOLTAGE FOR 50% THROUGHPUT BANDWIDTH
TYPE MODULATION (yAMS) LOSS (dB) ((1Hz)

____________ 
POLARIZER NO POLARIZER POLARIZER NO POLARIZER ~~~~~ LITaO3

SINGLE STRIPE 10 40 18 14 1.2 .6

DOUBLE STRIPE 10 40 18 14 .9 .45

IMPROVED 5 20 18 14 .6 .3
DEVICE DESIGN

2:1
COLLIMATION — 23 — 10 .6 .3

DEVICE

METAL ELECTRODE

/

/
LiNbO3 ~ / /

/
/ I I ,,

/ I,/

/
,
,
/ ,
/

METAL
ELECTRODE

FIG. 1 Electra-optic channel. A voltage applied between the top
and bottom surface electrodes produces an increase In Index
of rsfractIon in th, region between th. electrodes forcIng —

Iigimt to be confined to this region.



COLLIMATION OF THE FIBER EMISSION

F

CRYSTAL

FIBER

DIRECT BUTT COUPLIN G

coLL :ATIONENC COsoO ,N9 C~~o,

FIG. 2 (a) Principle of collimation via non-no rmal Incidence
butt coupling.

(b I A practical example illuetratlong collimation via
non-normal incidence butt coupling.
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TOP ELECTRODE

LiT O3 
~ 

THIN
I POLARIZER

INPUT
FIBER

p — — - 
OUTPUT

BOTTOM
ELECTRODE

FIG. 3 LiTaO3 channel weveguids modulator.
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FIG. 4 Relative Intensity of output ligi~t vs applied dc field. Solid
line Ii experimentally determined output intunsity vs applied
voltage using multimods fibers. Dashed line for land V%.

I 
_ - ~-



‘7- s

TOP
ELECTRODES FIBER

, 

, 

, 

,
, 

, 

,
, 

,

LiTaO3or
LiNbO

FIBER BOTTOM
ELECTRODES

FIG. 5 Electra -optic channels created by double strip electrode
geometry. Electric fields applied between top and bottom
electrodes creat, a decreased index between the electrodes
thereby conf in ing the light beam.

FIBER #2

— OUTPUT
THIN 4 FIBERS
POLARIZER

A-CHANNEL FIBER #3ELECTRODE ..

CONTROL v
VOLTAGE a

FIBE R #1 ,,..!V
B-CHANNEL
ELECTRODE Vb 
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INPUT VOLTAGE
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~~~ J 54 pm

END -VIEW OF SW ITCH T
FIG. 6 Schematic diagram of three-port multimode electro-optlc

switch.
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.6 I 1 I
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FIG. 7 Optical output power in both fiber channels as a function
of branch voltage. Input fiber emission centered on channe l A.
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FIG. 8 Block diaorsm of complete optical data link employing
electra-optic multiplexer and dernul tiplexar . 
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FIG. 9 Structure of a sIngle 4:1 optIcal multi plexer/demulti plexer
containing four 3dB couplers.
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QUESTIONS AND COMMENTS
ON SESSION II

MULTI-CHANNEL FIBER OPTIC SONAR LINI(
F. C. Allard, N. S. Bunker

Dr. Elmar H. Hera: I think your system deals with a sonar array and therefore the
skewness between channels will be an important factor. What skewness did you
achieve?

Dr. Allard: All channels were within 1.50 which corresponds to a skewness of less than
1 microsecond .

COST MODEL FOR AN OPTICAL FIBER COMMUNICATIONS SYSTEM
T. A. Alper

Dr. LeCat: (1) You showed us results of lightning tests. Were they obtained under full
scale level of threat,  or extrapolated from low—level measurements? (2) When
extrapolating results from low-level measurements , can one really assume that
phenomenons are linear, since non—linearities such as flashover can occur?

Dr. Alper : Moat of the tests are run at low levels. Data is taken at 2000 amps and
extrapolated at 200,000 amps. Most theoreticians agree that extrapolation is
valid .



Summary of Session II

SYSTEMS
by

Eric Spitz

This cession featured 6 conferences which can be classified as follows:

3 on operational systems,
3 on technico—ec.onomic SurveyB ,
1 dealing with the design of devices for
links via multimode-single fibers.

I. OPERATIONAL SYSTEMS

1.1. The first one of the operational systems , presented by Communication Research
Center of Canada, deajt with a link (31 — 10 Mb/s channels) between two display
consoles installed on a warship. This experimentation , which does not utilize
high performance components, shows that such links can be operational for military
applications and resolve problems such as immunity to electromagnetic radiations.

1.2. The second system , presented by Naval Underwater Systems Center , featured a link
between a pre-amplifying rack and the processing end for Sonar signals assembled
with currently available components and sub—assemblies .

This system , like the former , is mainly of interest to the extent that the choice
has been made to process a very large number of channels via optical technologies ,
even if input and distance are limi ted .

1. 3. The third system, offered by ITT/Roanoke , field-links in the 20 Mb/s - 2 km area.
Objective was to exploit available good performance components . -

The system comprising a mult if iber cable , installable in ducts is designed for
f ield mounting of the connectors.

Their paper shows real care for compatibility of devices utilized.

II .  TECHNICO-ECONOMIC SURVEYS

Mr. Alper, SHAPE, THE HAGUE , has proposed a model for computing the cost of optical
fibers systems, by involving various parameters related to performance and
characteristics of given devices.

However , this model does not take into account the estimated evolution of the cost
of components and sub-assemblies nor the cost of installation, the latter being at
times nonnegligible .

A thoroughly complete paper was given by NELC , describing af ter  economic analysis
and f l ight testing, an evaluation of ALOFT program on A 7 aircraft  of which a
technical description was made in several instances and which appears as the most
complete program in the field of military applications.

A large n umber of tests has been carried out (150 hrs of f l ight  testing) in varied
environmental conditions (EMI , EMP , lightning) tests that have shown that comparison
with classical techniques appears as very favorable to optical fiber links,
inasmuch as a technico-economic analysis confirms these indications.

III. DESIGN OF DEVICES FOR LINKS VIA MULTIMODE-MONOFIBERS

Mr. Ma cMahon of Sperry Research Center has proposed , along with U .S .  Army Electronics
Command , possibilities to fabricate electrooptic modulators , couplers and
multiplexers enabling to design high performance systems based on multimode
single f ibers .

Propoaed concepts rest on ideas developed in the field of integrated optics and
aim at reeolving the problems encountered in multi-conversational links .

Feasibility of components defined for this goal has been demonstrated but it is
to be noted that industrial angle haS not been considered .

Tu a wiun.srize , it appears that work , extensive and thorough , is being currently
carried out for experimentation of complete operational mi l i t a ry  systems based on
optoelectronic component. and sub-assemblies availnble off-the-shelf.

7/
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Single Mode Fiber Optics and Integrated Optic.
for use in Optical Coiinunicationa

T. C. GIALLORENZI and A. F. MILTON
Naval Research Laboratory

Washington , D. C. 20375

p ABSTRACT

The statu. of components for use in single mode fiber and integrated optical cosmunication systems
is presented in this paper . The eingle mode coupling problem. are stressed because couplers and
splicers are the technological item. which pace the implementation of single mode data transfer system. .

1. INTRODUCTION

In the past several years, significant progress has been realized in the areas of fiber and inte-
grated optics and attention is now being directed toward. using light guiding optical components in high
capacity data transfer system.. Graded and step index multimode fibers are being marketed in several
countries and many telecoumunications and military applications for fiber optics have been delineated.
Optoelect ronics interfaces (source and detector module.) for use with fiber optic transmission lines have
also been developed . With fiber losses below 4 dB/km, it now seems possible to transmit signals over
distances of 10 — 20 ~~ without repeaters , an att ractive capability. However , multimod e fiber dispe ’—
sion will limit the available signal bandwidths than can be transmitted. As an example, with step multi—
mode fibers with low numerical aperture , bandwidths are limited to about 5 Mbit/sec for a 10 ke propa-
gation path. For available graded index fibers in which modal propagation time. are almost equalized by
a radial fiber index variation, bandwidths on the order of 60 Mbit/aec are possible for repeater spacing
of 10 las. Single mode fibers however do not suffer from modal dispersion. For bit rates exceeding
100 Mbit/s, the use of single node fibers becomes attractive. Although such high data rates (~1O0 Mbit/eec) are not presently required in the majority of applications , the presence of high capacity lines
would permit long term data transfer growt h potential in the cables to be installed . Cable rep lacement
is costly and involve. considerable inconvenience. Therefore , long term planning suggest. one consider
the in .tallat ion of optica l cable. with excess bandwidth.

A second consideration in favor of single mode cousiunications is the extreme difficulty in switching
multimode light; a difficulty manifest by the absence of any useable multimode switches. With a single
mode it is possible to efficiently modulate and switch optical power in low crosstalk integrated optical
.sodulators and switches. Thi. capability is particularly attractive in multiterminal data buses where
active optical taps would offer increased performance and capabilities. Additionally, integrated optical
.witchsa can be cascaded to form optical switchboards for routing eignals.

The transition from multimode to single mode fibers, while offering switching capabilities and
significantly higher bandwidths (> 10 Gbits/las), does require closer tolerances for splicing and coup—
ling and, when used with integrated optics, requires special techniques for handling the two polariza-
tion states.

In this paper, we will describe those considerations which come into play when developing a single
mode fiber optic/integrated optical coemunication system. Coupling tolerance considerations represent
the largest technological difficulty to be dealt with. Fiber to fiber splicing and fiber to thin film
coupling typically require micron level tolerances. In spite of the low level of development effort
in the single mode coupling area, significant progress has already been achieved. Single mode fiber
to fiber splicing losses of less than 1/2 dE have been achieved and fiber to film coupling losse, of
4 dB have been demonstrated. When considering single mode fibers connected to integrated optical
switches, regard must be given to the two states of polarization which normally propagate in single
mode fibers. The usual designs for integrated optical switches are optimized for a single polarization
so that if both polarizations are present , significant interchannel crosstalk results. The design of
pola rization insensitive switches thus becomes of prime importance.

In the following sections , we will describe relevant properties of single mode fibers. Description
of the various Coupling approaches will then be given, and finally, polarization insensitive switches
will be described. It will be seen that solutions to the problems associated with single mode fiber
optical coemunications are well along and ths-~ extremely high dats transfer capabilities will be possible
in the next few years.

2. SINGLE MODE FIBER PROPERTIES

Single .ode propagation La rea lized in fibers by designing core sizes to be s few wavelengths in
cross sectional dimension and by having small index differences between the core and cladding. The
normalized cor, size which is used in the dispersion relationship to Calculate the modal properties of
a fiber is defined a. (Boerner . H. 1976)

~~~ ~~~ — ~~2~ 1/2 (1)

where a is the core radius, A is the free space wavelength and n~ and a0 are the core and claddingindices. For single mode operation, V 2.4, i.e. only the doubly degenerate RE11 muds propagates for
V < 2.4. From Eq. (1), one sees that t~e physical core size a and the core—cladding index differences
An - n~—n0 may be varied over a considerable range while maintaining V < 2.4. Figure 1 shows the rslation-
ship between normalized core size V and the physical extent ((1/e)points)of the guided H!

~~ 
mode. By

either making An or a small, it is poaeible to have the guided fields extend significantly into the clad-
ding and increase the phyeical extent of the mode. This feature (Cook, .1.5. 1973) is of interest in
fiber splicing •ince it affords a means of relaxing the translational dim.netonal tolerances.
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However as V becomes smal l , the wave in th. fiber become. loosely guided and thus susceptible to
bending losses. R.du~ing th. fiber ’s V number only in th, region of splicing by elongating th. fiber
should reduc. the accuracy with which the ends of the fiber. to be joined must m e t  on—center and should
not increase propagation 10.5cc significantly if the small V number region is limited to the splicing
region.

¶ Another feature of single ode fibers is the dependence of propagation loss on wavelength. For a
given number , V - 2.3 at .85 pm, we plot in Fig. 2 the loss dependence on wavelength. Also plotted here
is th. wavelength dependence of loss for a aultimode fiber. We see that for single mode fibers , loss is
• strong function of A through the dependence of V on A.  On the long wavelength side , scattering into
the cladding dominates whereas as the wavelength decreases, the mode fiber is no longer single mode and
conversion to other modes dominates the losses suffered by the H211 modes. In aultipode fibers , the
presence of hundreds of modes lead. to an averaging over wavelength of los, for each mode. This results
in a very weak dependence of loss on wavelength. Single .ode fibers must therefore be designed for the
wavelength of interest and large deviation. from the design wavelength will lead to excessive losses.

Finally another feature of single mode fibers of interest is their relative insensitivity to the
•icrobending losses; losses often encountered in th. cabling of fibers. Olshan.ky , R. 1976 ,.has shown
that for a single mode fiber with a V - 2.4, the mierobending b u s .  ars an order of magnitude lower than
those of conventional multipode fibers. Single mode fiber optical cables therefore potentially offer the
lowest loss fiber optical data transmission media.

Production of single node fibers is similar to that used for multimod e fibers. Chemical vapor
deposition is the most widely used approach and in the case of single mode fibers, this deposition pro-
ceeds (Boerner , H. 1976) much more •‘!utckly than for aultimode fibers since multimode fibers usually
require > 40 times more material. For single mode fibers , however , the starting tubes must however be
more concentric to ensure accurate core placement. Pro, coupling considerations , it is desired to have
the core centered to < ± 12 of the cladding diameter. Fabrication of single mode fibers with the desired
tolerances is within the state of the art.

3. SINGLE W)DE FIBER SPLICING

Although there are many desired features associated with single mode fibers (low loss , extremely
high bandwidth) , the disadvantage of using single mode fibers is the tight mechanical tolerances required
for low loss interconnects. Besidee mode pattern matching, accurate alignment is required . A simple rule
of thumb derived from an examination of the propagation of Gaussian beams is that for coupling efficiencies
> SOZ ve need

dOAx < b / n c (2)

where ~8 is the required angular precision in angle and dx i. the required alignment precision in position.
Angular tolerance cm be traded of f for positional tolerance. At optical wavelengths it would be prefer-
able to work with dx - 15 pa and de - 1’ which is why there is an interest in large radius ( - 7 pm) ,
small dx fibers. As discussed in connection with Fig . 1, a wider optical beam can also be realized by
reducing the V number of the guide. By drawing the end of a single mode fiber, (Cook, J.S. 1973) the
V number of a fiber i. reduced and the optical beam .i.. increased . It was shown (Cook , J.S. 1973) tha t
this technique readily permits a factor of two decrease in the required fiber alignment accuracy. The
required angular alignment accuracy is increased ; however , in general, the angular tolerances do not
preae nt as di f f icult a problem as the displacement tolerance..

Fiber splicing requires a means of physically aligning fibers. A very simple method of fiber align-
ment was demonstrated by Somede (Saseda , C.G. 1972) in which he used embossed grooves in plexiglass.
Plexiglass is s ther moslastic material with a glass transition at about lOO C. To form the embossed
groove , the fibers to be spliced crc pressed into the heated plexiglass (So.eda , C.G. 1972) to deform
the plexiglass. Upon cooling, precision grooves remain (Fig. 3). Using this approach , splicing eff i—
cienctes in excess of 922 ar. readily achievable. This eppro ach ha. also been shown to permit low loam
intsrconnec t iona between fibers of different O.D. Somsda (Sowed. , C.G. 1972), using two 3.7 pm core
single mode fibers with O.D. ’s which differed by 10 pa was able to achieve 902 coupling. The plexiglass
defo rmed elest~ ally and accosodat ed the fiber 0,D. difference in a sy strical manner which permitted
the core axis to remain aligned alo,g th. bossed groove . This work demonstrated the O.D. variations
can be compensa t ed for in coupler design .

A second approach develop, .. jy Hsu end Hilton , (Hsu , H.P. 1976) , used preferentially etched grooves
in silicon to splice f ibers. Caaplthg efficiencies in excess of 902 were aga in achieved . This coupler
was also ployed to coupl, single mode fibers to channel guides and will be discussed in detail in the
next section.

If fiber diameter and/or core eccentricity are not .ontrolled , adjustable couplers nay be required .
A simple coupler using the double—eccentric principle was used to form a detachable fiber—fiber connector ,
(Guttaaon, J. 1975), and fiber to fil, connector , (Ernmpholz , 0. 1974) , (Fig. 4).  To achieve low loss
connections , the light scattered into the fiber core must be monitored and minimized. While easily
schieveable in the laboratory , field connections will be hampered by the need to monitor scattered light.

The longitudinal separation between fibers is not as critical as the transverse alignment require—
nents. If the two fibers to be spliced are placed within 15 pa of each other , the los, due to longitudi—
nal displacement i. less than 1 dl , (Soseda, C. C. 1972).

The ability to readily splice fibers in a low loss fashion f avors t~,e use of fiber pigtails on in—4 j ection lasers and integrated optical circuits. It is envisioned that the more diff icul t  fiber to film
coupling will be accomplished in the more controlled envirosmemt of the manufacturing plant whereas the
ds.ountsble coupling of the fiber pigtail to the fiber transmission line can be accomplished in the field
using a variety of splicing technique s, some of which have already been outlined._ _ 

_ _  I________________________________ ______________________________- - . — -
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4. LASER TO FI RER COUPLERS

In order to employ single mode fibers at all, it is required that a source be connected to these
fibers. End—fire coupling is the most widely used technique. Single transverse mode operation is re-
quired of the laser since in end—fire coupling, one matches the modal fields of the laser with the single
mode fiber. Stable single transverse modal operation is routinely achieved in state of the art lasers
provided that the active stripe is not too wide (

~ 15 microns) and that the laser is not operated in acurrent region several times above threshold. With stable lsser operation, the coupling problen In—

IP~ 
volves field matching and fiber alignment in a atsbie manner.

In an early work, Cohen coupled several single mode fibers which possessed cores of about 3.5
microns to double heterojunction lasers. Coupling efficiencies exceeded 401. Permanent , self—supporting
couplers were fabricated by applying suitable epoxies between the structures which supported the fiber
and the lasers.

By applying lens to the ends of fibers, it is possible to increase the coupling efficiencies above
these reported by Cohen, (Cohen, L. G. 1972). This miniature lens may be fabricated either by melting
the ends of the fibers (Xolanzadeh , Y. 1976) or by depositing photoreslst on the fiber ends, (Kolanzadeh ,
Y. 1976). Improvements in coupling efficiencies of a factor of two appear feasible, (Kolanzadeh , Y. 1976),
and power launched into single mode fibers ahould be in excess of 1/2 raW, (Kresael , H. 1976).

Laser—pigtail assemblies are thus feasible with current state of the art devices. It is important
now to improve fiber—laser coupling and potting techniques with emphasis on stability and efficiency.
Coupling the laser—pigtail assembly to the single mode transmission line will then involve use of the
splicing techniques described in Section 3.

5. FIBER TO FILM COUPLING

There exist two basic approaches for fiber to film coupling: end—fire and evanescent field coupling.
Evanescent field coupling occurs when the waveguidea to be coupled are parallel to each other in the
coupling region; whereas the end—fire coupling occurs when the ends of the two vaveguides are butted up
against each other. Theoretically evanescent techniques offer high coupling efficiency; however, a large
number of practical problems have to be solved to make an evanescent single mode fiber to film coupler.
In most cases of practical interest a mode liftoff structure must be introduced on the waveguide to
avoid mode sinking, (Arnaud, A. 1974). A coupling region which ensures phase matching must be provided
after mode liftoff and a single mode fiber arranged to have appreciable modal field at the surface must
be aligned on top of the coupling region. End—fire coupling is undoubtedly more straightforward , but it
does require preparation of the waveguide ends and precision alignment. Losses due to dissimilarities in
mode patterns and reflection at the butt joint interface are inevitable.

5.1 End—fire

End—fire coupling involves bringing the single mode fiber in close proximity to the planar waveguide.
Minor reflection losses occur due to dissimilarity in index of refraction between the fiber and the planar
guide. Efficiency with an end fire arrangement requires mode pattern matching which can usually be
accomplished by matching the cross sectional dimensions of the two guiding regions. If end fire coupling
to a fiber with a planar guide were to be attempted, focusing of the light in the planar guide on the
coupling end surface would be necessary.

For the case of a high index channel guide a dimensional matching to the size of the core of a low
index single mode fiber can be obtained with a small index difference in the channel guide system. Mode
pattern matching requires a cross sectional aspect ratio of unity for the channel guide which is hard to
schieve with indif fused channel guides due to sideways diffusion. There will therefore always be some
mismatch due to the aaysmetry of the channel guide and the slightly different geometries.

Beside , mode pattern matching, accurate alignment of the two waveguide. is required. The discussion
qf ~q. (2) on angular and spatial accuracies again applies here. With indif fused channel guides the
wsveguide mode patterns are rarely more than five microns deep so that single mode fibers with email
cores will be required for reasonable mode pattern matching. As long as the mode cross sectional di-
mension. are large compared to a wavelength, the alignment precision in the direction of propagation (a)
(how close the vaveguides have to be) is not as severe. The rule of thumb derived again from an exami-
nation of the propagation of Gaussian beams is

(3)

where 8x js th. cross sectional dimension. For a fiber to channel waveguide coupler with guide dimen-
sion Ax • 2 um, the above equation give. en allowable separation As — 15 im for n • 1.9. In other words,
as long as the end surfac. separation between the fiber and the channel guid. is k.pt within 15 ira,
there will be no significant reduction on coupling efficiency.

A practical approach to the positioning of a number of single mode fibers for end fire coupling to
chamn.l wsvegutd es has bean developed by Hsu and Milton, (Esu, H.P. 1976). Fibers can be accomodated
with a separation between fiber arid channel wav.guide of 1.23 t imes the fiber outer diameter (O.D.).
Figure 5 shows a sch atic of how thu approach would be used to connect four single mode fibers and a
single .ultiaod. fiber to a high sp..d int .grat.d optic channel wav.guide switch to form a terminal for
a data transfer system.

With th. flip chip approach. (Hau, H.P. 1916) ,  a preferentially •tched silicon groove is used to
position the fiber cor. just above th. surface of thu silicon waf. r. By viewing through the transparent
L 11b03 p1st. (ss Fig. 6) and by matching up etched registration grooves in th. silicon with indif fused
r .gi.trsc iom strip., in the LWbO3 (.ad. visible du. to the formation of a ridg, during indiffusion),

- - - -~~ —



fiber alignment within ± 1 ira over s distance up to several has been obtained. In Fig. 7, the
fiber positioning accuracy using this approach is shown. A LiNbO3 sample was used which had channel wave—
guides running perpendicular to the cleaved (10.2) end surface and a 95 ira O.D. single mode fiber with a
4 ia core with its end surface prepared by the score and break under tension method. Since the LillbO3plate and th. fiber both htve square corners and flat end surfaces, the two waveguides could be brought
within 10 urn by sliding the fiber along the fiber poaitioning groove toward the LiMbO3 cleaved end sur-face.

__ To understand the effect of misalignment and the effect of channel waveguide diffusion profile and
fiber core diameter aelection on end fire coupling efficiency, the square of the electric field overlap
integral between the modes of a fiber and a channel guide has been plotted in Fig. (8). The indiffused
channsl waveguide is approximated by a rectangular step index embedded channel guide to facilitate the
use of Marcatili’s fields, (Marcatili , 8. A. 1969), in the calculation. Figure 8 shows the square of
the overlap integral as a function of position displacement between the channel waveguide and fiber core.
Since after correcting for reflection (about 2.41 in our case) the coupling efficiency is directly pro-
portional to the square of the overlap integral, Fig. 8 indicates that the coupling efficiency is very
sensitive to displacement errors; and that the maximum obtainable efficiency could be Improved by a better
match between fiber core diameter and diffusion depth (channel waveguide mode extent in the y direction).

Another conatraint with th. flip chip coupler ia that in the absence of a good index matching liquid
for n — 2.2 the channel waveguide must end with a square corner. Since the fiber is held parallel to the
wsvsguid. surface any corner (cleaved or polished) which is not square (90’ to the channel waveguide) can
cause inefficienct.s. Without a index match the beam will tilt away from the fiber axis on exiting the
LiNbO3. Convenient index matching fluids exist for indices up to 1.9. Beam tilt angles as a function of
the corner angle are plotted from Snell’s law in Fig. 9. With an index matching liquid of 1.9 for a wave—
guide mode thickness of 2 um , we estimate that the tilt angle w for Ao • .633 um must be less than about
5’ to avoid serious inefficiency. From Fig. 9 the corner angle thus has to be larger than 65.

In the coupler, demonstrated in Ref. (5), (Heu , H.P. 1976), cleaving was used to prepare good sur-
faces. LINbO3 however only cleaves in a single direction (10.2 cleavage plane) which will place a con-
straint on device orientation. One alternate edge preparation techniques for LiNbO3 is the use of
sputter etching, (Sepori, B. L. 1976). High quality edgea suitable for end-fire coupling may be pre-
pared using this method in arbitrary directions. Another alternate technique is polishing . Recently ,
(Verber, C., et al.) , have succeeded in obtaini ng very high quality polished edges on LiWbO3. Figure
10, a scanning electron micrograph of polished edges in LiNbO3 is shown. Neglectable edge rounding
was demonstrated and scattered pit sizes no larger than 1/2 micron were observed . These high quality
edge. demonstrat. that it is within the state of the art to prepare sufficiently high quality edges
by polishing.

Figure 6 shows a microscope photograph of the fiber alignment grooves and the single mode channel
wavuguid. in LiMbO3. Experimentally measured coupling efficiencies in excess of 30% have been measured
for coupling waveguides and fibers which were not optimized for mode pattern matching. The fibers that
are coupled to th. channel vav.guldas represent the desired pigtail couplers. Splicing these pigtail.
to the transmission line fibers can also be accomplished in the etched alignment groove..

5.2 Evanescent coupling

With an evanescent approach when the two waveguide material systems have vastly different indices
of refraction, as is the case for coupling between metal indiffused LiMbO3 or LiTaO3 waveguides (nn2.l)and single mode fused silica fibers (n 1.5), severe phase mismatch problems can exilt. A. long as the
index of refraction of the waveguide system substrate is higher than the effective index of the mode in
the single mode fiber, phase matching will necessarily exist between a set of substrate modes and the
guided mode in the fiber. Th. phase matching condition applies in the direction of the fiber core lead-
ing to a situation similar to output coupling with a high index prism. Unless this unwanted waveguide—
substrate coupling which we call mode sinking is impeded, it will dominate and coupling between the wave-
guide and fiber will not be efficient.

In thu pursuit of an evanescent fiber to film coupler we have concentrated most of our efforts on
ti. investigation of an adiabatic mode liftoff structure (liii, H. P. 1977), which introduces a low
index buffer layer to shield the b y  index fiber from the high index substrate. It differs from the
structure proposed by Dalgoutte , (Dalgoutt ., D. C. 1975), in that no low index tunneling layer is in—
cluded between the indiffu aed wav egu ide and the high index top layer.

A full device with the materials we have chosen to use is shown in Fig. 11. The mode liftoff section
is followed by a branching section, a transition section and than a tapered velocity coupler. The device
is de.igned to be completely adiabatic, (lieu , H. P. 1977), (no power transfer between local normal modes)
without any mode interference sections ao that no critical coupling lengths or field pattern matching
sections are involved. Adiabatic operation was achieved; however the experimentally observed losses in
the branching suction and the transition section were unacceptably high, (lieu, H.P., 1977). It is be—
Ueved that for Lfl1b03 substrates , these high losses would be difficult to eliminate because of the sur-
face roughness of LiMbO3 and it is concluded that adiabatic evanescent coupling from low index fibers to
LiJIbO3 wavegutd.e will in general be unaccep tabl y lossy.

This conclusion does not apply for lower index waveguidss such as those formed in glass es (n - 1.5).
Dalgoutte et al. (Dulgoutts , D. 0. 1975) , have schieved 702 coupling efficiencies for evanescent coupling
between an externally mounted fiber and a planar glass waveguide . An externally mounted fiber is shown - 

-in Pig. 12 end is .ade sin gl. mode by making the thic kness t sufficiently small. These fibers generally
are .ult imode in the thicker direc tion H. By plac ing this fiber in close proximity to the veveguide ,
evanescent coupling is achi eved.

This work can be extended to higher index vevegu ides such as l iMbO3 either by developing high index
externa lly mounted core fi bers or by using an end—fir, coupling technique to get light into a low index 4
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transitional guide. Using sputter etching to form a high quality edge, (Sepori , B. L. 1976)
demonstrated the fabrication of such a transition guide (Fig. 13). Efficiencies better than 80% have
been obtained for end—fire coupling from the LiNbO3 waveguides into the lower index guides. Using the
evanescent coupling method. of Dalgoutte, D. C. 1975, one should then be able to couple into a fiber
with an externally mounted core.

5.3 Laser to film couplers

Coupling of lasers directly to thin film waveguides involves many of the problems previously dis—
cussed. In Fig. 14, we show the direct coupling technique which was studied by (Hunspenger , R. C. 1976).
Critical for high efficiency is field matching, accurate device alignment and stable device support.
The waveguides employed in Fig. 14 were fabricated of Ta205 on glass. Coupling into the allowed modes
is shown In Ti8. 15. Coupling efficiency for the lowest order mode was in excess of 40% and it is seen
that the experimental data closely follows the predicted efficiency curves. The structure fabricated by
Hughes did show a good deal of mechanical stability and demonstrated the feasibility of rugged laser to
waveguide coupling.

6. FIBER C(~O’ATIBLE INTEGRATED OPTICAL SWITCHES

Many of the integrated optical switches demonstrated to date are not suitable for use in a fiber op-
tic transmission system . These switches have been optimized for a single polarization and evidence con-
siderable interchannel crosstalk when both polarizations are simultaneously present. To be used in an
optical conmunication systen employing fiber optical transmission line., switches must be designed to be
insensitive to the state of incoming polarization, (Steinberg, H. A. 1976).

In general, linearly polarized light coupled into aingle mode fibers suffers rapid conversion to
other polarization states, so that light emerges from the fiber with some unknown elliptical polarization.
The cause of this polarization scrambling is related to core ellipticitiea and to stress birefrtngence.
Rectangular or strongly elliptical cross sections fibers would prevent polarization conversion; however,
no one to date ha~ fabricated useable structures. (Kaiser, P. 1973).

Electrooptical switches and modulators can be made with planar guides or with channel guides. All
of these devices work by having change in guide index of refraction caused by an applied electric field
produce a phase shift in part of the beam. Various waveguide switch designs are presented in Fig. 16.
The planar devices only confines the light in the plane of the film and usually work to deflect the light
either by an electrooptically induced prism or by Bragg deflector. from an electrooptical induced grating.
The different polarization have slightly different propagation constants in the guide which alters the
angle of deflection; however for tndif fused vaveguide systems this is not enough of a difference to be
important. Polarization insensitivity can therefore be achieved by operating with a crystal orientation

— such that the electrooptic effect is the same for both polarizations, (Steinberg, R. A. 1976). This will
assure that waves of different polarization will suffer the same angle of deflection for an induced
prism and the same deflection efficiency for a Bragg device.

Channel guides confine the light in both transverse dimension.. With an electrooptic channel
device the volume over which an electric field must be applied is therefore less than with a planar
device. Electrical drive power for modulation at a given frequency is therefore reduced and channel
switches can be remarkably efficient. The channel geometry is also more suitable to coupling to the
core of a single mode fiber. Many switch/modulator designs for channel guides however require precision
modal interference in a close coupling region where two channel guides come close together. Due to
dissimilarities in propagation constant and coupling coefficient this interference usually does not have
the same effect on both polarizations and polarization insensitivity is hard to achieve. The modal evolu-
tion 3 dB coupler made with branching waveguides on the other hand does not depend on modal interference
and a synmetric type II switch made with two of these 3 dB couplers and oriented such that the electro—
optic coefficient for both polarizations is the same will be polarization insensitive. An alternative
approach 1. to electrically compensate for fabricational errors in the modal interference class of
switches demanding tolerance requirements of earlier modal interference type switches. Steinberg, H. A.
1976, have shown that this switch configuration can also be configured to be polarization insensitive.
Electrical compensation of fabrications1 errorc has recently been demonstrated by (Kogelnik , H. 1976)
who used multiple electrodes to tune out errors. A three section version of their device is shown in
Fig. 17.

Although Bragg switches and channel switches may be made polarization insensitive, the allowable
crystal orientations are restricted , (Steinberg, R. A. 1976 and l977a). This results in the use of
non—optimum electrooptic coefficients in the switching and significantly decreased efficiency. In a new
design (Steinberg, K. A. l977b) have found that the use of two electrode types with the crossed B
design (Kogelnik, H. 1976) makes it possible to electrically achieve polarization insensitive operation
for arbitrary crystal orientations (Fig. 18). As seen in Fig. (l8b), the two different types of elec-
trodes result in applied fields in the waveguide region which are either horizontal or vertical. Since
the electrooptic effect is a tensor quantity, the use of horizontal fields result in a different electro—
optic effect than the vertical fields. As vss shown, (Steinberg, K. A. l977b), this configuration affords
a new degree of freedom which permits an electrical means to compensate for different efficiencies in TE
and TM modal switching. This design concept permits the use of the largest electrooptic coefficients and
thus maximizes device efficiency. Efficient integrated optical switches can thus be made compatible with
fiber optical transmission lines for the first time.

7. SINGLE MODE DATA SYSTTMS

With the advent of useable components with which to construct single mode fiber optical data systems ,
consideration is now being given toward the design of optical data buses and switchboards. In Fig. 19,
s schematic of two possible data bus layouts is presented . The terminals for this multitermmnal data
link consimt of high speed four port switching modules similar to those described in Pig. 5. WIth the
arrangement in Pig. 19., a single centrally located laser can provide the light for all the terminals vie
a “power line” fiber, (outer loop). Data pulses ars put on the co unication line (inner loop) by
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crossing the switch as shown in Fig. 20. Alternatively, CW injection lasers can be used at each
terminal as shown in Fig. l9b. In this case , the switch serves as a modulator and input coupler. With
these loop designs , terminal throughput loss muSt be kept low. Various form. of star designs such as
shown in Fig. 21 can be used which permit higher terminal throughput losses. In this case , data signals
originating from a given terminal pass through a single repeater module bef ore being delivered to the
receiver terminals. Here again the basic terminal module shown in Fig . 5 can be used if minor .odifica—
t ions are incorporated. With an optical switching capability, cosmunication systems can be built with
remotely located laser sources. This will have advantages for terminal locations where access is
restricted and/or where minimizing size and power is important.

Switchboards can be realized using single mode technology simply by cascading a number of integrated
optical switches. In Fig. 22 , an experimental realization of a four by four switch is shown, (Schmidt ,
H. V. 1976). In this exsmple, five multiple electrode four port switches (Kogelnik , H. 1976) were
cascaded to construct this switching network. —19 dB crosstalk was observed when a signal was inputted
into one terminal and the various output terminals were monitored. More elaborate switching networks
such as a 10 x 10 switchboard are now within the state of the art thus making many telecoemunication
architectures possible to fiber optic systems.

Mention should also be made of high capacity point to point data links. With fiber propagation
losses below 4 dB/km, high capacity (> 500 Nbit/s) links with repeater spacings between 10—20 km are
becoming possible. For this class of applications, lasers and detector modules are the key active
elements. Fiber splicers and connectors must still be perfected and engineered ; however, the impl ementa-
tion of these links now appears to be within the state of the art.

8. SUMMARY

Single mode fiber optic data transfer systems using integrated optical circuits and single mode fibers
appear to offer a viable approach to high data rate conmunication. While the sarall lateral dimensions of
single mode structures require higher displacement precision for coupling and splicing than multimode
structures, techniques for achieving the required accuracy have been demonstrated. S~l±cing single modefibers is more difficult than for multimode fibers; however, acceptable splicing losses have been routine-
ly demonstrated in the laboratory with coupling efficiencies in excess of 90% demonstrated. The relative
ease of splicing single mode fiber. leads one to favor the integrated optical circuit fiber—pigtail or
the laser—fiber pigtail concept In which the more difficult fiber to film coupling is performed in a
controlled environment. Laser and integrated optical circuit modules will then all come with suitable
fiber pigtail couplers.

The laser or thin film to fiber coupling eLf iciency has now exceeded 30% and Improvements can
reasonably be expected. The use of miniature lens on the ends of fiber. appear, to offer increased
coupling efficiencies over the quoted 30%. Since the principals of coupling have been established , rugged ,
reliable structures now have to be developed. Approaches to compensate for fabricational error, should
also be further developed.

Polarization—insensitive integrated optical circuits have been studied and are being developed.
Comeunication terminals such as shown in Fig. 5 are now possible as are optical switching networks using
multiple microoptical switches. These terminals will provide fiber optical systems its first active
terminal capability for routing, tapping or processing optical data transmission.
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Figure 1 — Normalized beam size versus normalized fiber core size. Single mode HEll propagation occrus
when the core size is less than 2. 405. The HE11 fundamental mode does not cut off as the
core size shrinks but becomes less loosel y bound. Consequently, the fields spread out beyond
the physical core in this region of operation.
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Figure 3 — Embossed groove fiber to fiber splicer.
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Figure 4 — Asy~~~tntcs.l fiber to fiber splicer. Fiber align ment Ic achieved by rotating two eccentric
sleeves until the fiber core lines up.
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Figure 5 — Four port data switching terminal module. This module is a building block from which nany
data transfer systems can be constructed .
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Figure 7 — Percentage error of altitude of center of fiber owing to undercutting as a function of etching
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MODE LIFTOFF BRANCHING TRANSITION THIN FILM TAPERED
SECTION SECTION SECTION VELOCITY COUPLER

COMPOSITE I
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D : HIGH INDEX WAVEGUIDE (IN-DIFFUSED LiNbO3 WAVEGU IDE )
B: LOW INDEX BUFFER LAYER (Si02)

L: HIGH INDEX LIFTOFF TOP LAYER (Nb205)

C: TAPERED LOW INDEX WAVEGUIDE (BARIUM SILICATE)

W: LOW INDEX WAVEGUIDE (EVENTUALLY THE FIBER)

Figure 11 — Modal lift off structure needed to couple a low index fiber to a high index waveguide.
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LiNbO 3 or GaAs Waveguide Polyurethane or AZ 1350

S i02

High Index Substrate

Figure 13 — Schematic diagram of a sputter etched transition waveguide for interconnecting a high index
guide to a lower index guide.
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Figure 14 — Schematic of butt coupling of an injection laser to a planar waveguide. t j  is the thickness
of the laser and tg is t he vave gutde thickness.
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Figure 15 — Comparison of theoretical and experimental coupling coefficient of a laser to a planar guide
(Runsperger , R. C. 1976).
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Figure 16 — Cemeonly used modulator configurations . In type I modulators the coupling and phase shift
regions coincide. In type 11 devices, the channel coupling regions (labeled 3 dB in the
figure) are separated f rem th. phase shift region. At the botto. of the figure are three
alternstive schemes for realizing the 3—fl couplers needed to construct the type II device.
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Figure 17 — Schematic of a dB reversal switch. In this design, multiple electrodes are uaed to
electricall y compensate for fab ricatio nal errors.
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- Figure 19 — Loop type single mode optical data bus designs. In the upper figure , a single laser

powers every terminal whereas the lower figure utilizes a separate laser at each terminal.
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a term inal switches light f rem the distribu t ion channel onto the coenunication channel.
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Figure 21 — Single mode, single laser data bus “ tee” star conf iguration. Incorporated in this design
is a repeater type star.
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ELE CTROOPT I C AL ACT I VE COMPONE NTS FOR GUID E D LIG HT
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ABSTRACT.

Modulators and switches are very i mportant components for Integrated Optics. The electro—
.~~ tl ca l effect is a good candidate to real ize them because the geometrical parameters lead to a conside-
rable reduction In the dr ivin g powers.

In this paper we shall present the results obtained in the realization of electrooptica l
active components in Integraded Optics and in particular using the in diffusion of Titanium in LiNbO 3Crystals to create the guides. We shall discuss elements such as phase modulators, amplitude modulators and
switches. Recent experimenta l results concern i ng their caracterlsation and performances will be presented.

I- INTRODUCT ION.

Electrooptica l components pla y a very important role in classic al optIcs and sInce the
beginning of integrated optics it has been recognized that modulators or switches that use the electro—
optica l effect and realized in an optical i ntegrated form would lead to very low drive p ower and hi gh
potential bandwith components. As a matter of fa~t the basic principle of the eloctrooptical effect is
the induced change in the refractive indices of a material under the application of an electric field.Thus ,
after an interaction length L the light propagating in the medium undergoes a phase shift that is propor-
tiona l to L and to the i ouced refractive index change an.:

~~Ø
Where is the wavelength of the li ght in vacuum. in thIs paper, we shall consider

only the linear electrooptica l effect in which ~~g~.is proportiona l to the applied electric field Thus
If the fie ld is a eated by applying a voltage Vto two electrodes spaced by d. we get

y av~~
Where B I s proport iona l to tho appropr i ate electroopt i cal coeff ic i ent of the materi a l

used in the experiment.
The voltage used to create a ’fl phase shift-,Is then proportiona l to the geometrIca l factor .~~~~

I 1 In classlcil optics this ratio is limited by light diffraction to values of the order of

~~ ~~~~~~~~ this Is not the case in integrated optics where ratios of the order of 1/1000 or 1J~oo00c~n re~~ii y be obtained ( for example a 2,um wide and 1 cm long waveguide leads to ø.j(, Z 1o ’
lead i ng to very low driving voltages.

These great advantages exist only if channel waveguides are used and so, in this paper we
shall consider only modulators realized with these sort of gu ides.

Another i mportant point is the material problem—Among the electrooptical materials
known to day, L i NbO3 crysta l seems to be a vety good candi date because i ts very good opt ical  properties,
high electrooptlcal coefficients and the possibility to create rel.ti~~ y easi ly very good optica l waveguides

losses I dB/cm ) w ith It. As a consequence we shall concentrate the dIscussion on the realization of
electroop ica l components using charnel gu ides In LINbO crystals. To begin with we shall discuss the
fabrication problems and then describe practical realf~ation of some .IectrooptIcei components namely
a phase modulator, an amp li tude modulator and a switch based or the direct iona l coupler configuration.

II - WAV EGUIDE FABRICAT ION.
Severa l methods have been proposed to realize waveguldes w ith  crystals like LIMbO3 Inclu-

d ing
out—diffusion C lV~MlN OW, i.P, 1973
hetero—h.pltexy C MIYAZAWA .S, 1973 ) and the techniques of meta l ln4dlffuslon which was first demons-

trated by H miisr end P h i l l i p s , using niobium diffusion in LiTa 0~ C HAM4ER, J.M, 1974 ) end then, by
I~Al’llNOW in  LINbO3 , using various metals C Ti .... )( KANINOW , 1.P,1974

14 ta1 in—d iffusion can lead to monomode waveguid.s with very low losses and, as ft is very
easy to mask i t , it seems to be the most promising method to—day .

As a consequence, we use it int.nslve l y,and a ll the wev.guides used In the diffecont
switch/modulator configurations we shall describe in this paper have been realized by Ti in diffusion
in LiNbO3 crystals.

— The genera l fabricat ion process ic es fol lows : 500 A Titanium file is sputtered

_ _ _ _ _  - . _ _ _ _ _ _-
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on a LiNbO3 substrate. The desired circuit drawing is then realized in the metal film by m~~king and ion
etching. After cleaning, the samp le is introduced in an oven to perform the diffusion process for severa l
hours at a temperature of 1000°C and under an oxygen atmosphere. Very good quality C losses~ 1 dB/crn
monomode waveguides can readily be obtained with such a process, and complex circuitry rea l rzed. To apply
the ejectric field in electroopticel components electrodes are needed. They are realized by sputtering
2000 A of gold on the substrate and by using superposition , optical masking mach i nes and ion etching.
The modulator/switch is then reedy for electrooptica i tests.

Y Having described the techniques used to create electroopticai channe l wave9uides in
LiNbO3, we shall now give some results obtained in our laboratory during the realization of different
electrooptical components. To begin with the simplest one we shall discuss in the next part a phase modula
tor with low drive power and hi gh electrical bandwidth.

I I I  — PHASE MOtIJLATOR.
In this section, we shall describe the performances of an electrooptica i phase modulator.

The waveguide configuration is shown on fi gure land consists of a 5/ um wide and 1 ,5 cm long waveguide
realized with the process described in section ii. Larger sections have been realized at the input and out
put of the guide to facilitate the coupling and recoupling of the lIght , which is achieved with rutile
prisms .

The electric field is applied parallel to the C axis via two gold electrodes spaced by
5,um and placed on either s ide of the waveguide. As we have alread y seen in section I, the appl icat ion
o~ an electric field Induces a change In the Index of refraetion , and so, the vo l tage required to make
a TT phase shift C for a TE polarized gu i ded light In our case ) is

~~~~~~~~~~~~~Where~~ Is the wavelength in vacuum , n the extraord i nary Index of LiNb0~ r3~ the elec—trooptical coefficient used In the experiment , d the spacing between the two electrodes afid A fhe factor
that takes into account the effective electric field and the fact that the variation in the propagation
constant is no exactly to ~ n. .By using the numerical va l ues of the experi ment, we get

V1~~~~O,6 VoIts (XF ~~~:’t ,~~ n o,632. S~~~
To detect the ifase modulation of the out—go i ng light we have used the foi lowing method

we analyze the frequency spectrum of the modulated light and compare the relal i ve heights of the sidebands
created when a sinusoidal voltage is applied to the electrodes. The corresponding set—up shown in fi g.2.
The opt ical spectrum analyser is simpiy a scanning Fabry Perot interferometer and the spectrum Is dispia
yed on an oscilloscope after detection with a photomuiti p i i e r .  Th is method perm i ts the detection of a
hi gh frequency phase modulated li ght at a very low frequency, which is the scann i ng frequency of the
interferometer. Using this techni que, the performances of the phase modulator have been measured

- the convnand voltage for a iT phase shift is 0,9 volts C indicating a A factor of about 0,66
— the bandwidth is 600 MHz using a 50.Q_. load.

These experiments demonstrate the poss ibility of realizing high performances phase
modulators in I ntegrated optics but, in general , amplitude modulators are preferred . An example of such
a circuit is described in the next section .

IV— AMPLiTUDE MODULATOR.
When e phase modulator is realized , a simple way of obtaining an amplitude modulator

is to make an I nterferometer. An Integrated i nterferometer configuration , first demonstrated by OlI4ACH I ,
is shown in fig. 3. (OI44ACH 1 ,Y,1975). The light inc i dent in guide I is splitted i nto two parts by
branch 81. Then light propagates In the two arms C guides 2 and 3 ) Branch B2 combines the light coming
from these two arms in guide 4.

if El end E2 are the electric fields of the waves at the beginning of the two arms , thus
if and are the phase shifts undergone by the guided waves, after recanb i nation in branch 2, the tota l
field is

E~.r = + E~~ 
e.’ ~~

and the intensity in guide 4 is proportional to

Ie 4.~~. E~ s~~ I~ .
~
..

So we can seü that, by inducing phase shiffs in the two arms, the output light is ampli-
tude modulated . With this configuration O’IAACHI et ai get 34% extinct ion ratio , with 19 Vol ts using
20,um w ide rigde guide end 4 nr~ long electrodes.

We have real ized such a structure with monomode waveguides having a width equa l to 2 urn
the length of the arms being 5 ma. Opposed phase shif ts are induced in each arm v ia electrodes spe~ed
by 5,um . A typical result is Shown in fi gure 4 where we can see’ the sinusoidal response of the modulator
when a linear vary ing voltage Is applied to the electrodes.I .
I __ 

_ _ _
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In this case a 95% extinction ratio has been measured and the comaand voltage is 1 .1
volt for ~~

Up to now, we have descrIbed relativel y simple and class i ca l circuits realized in
an integrated form. But I ntegrated optics permits the realization of more complex components that could
even not be imag i ned in classical optics ; one is described in the next section : the directiona l coupler
switch.

V - THE DIRECTIONAL COUPLER SWITCH.
Components capable of switch i ng the li ght from one channe l guide to another would be of

great Interest Severa l configurations have already been proposed to realize that I ZERN I KE, F , 1974
MARTIN W E , 1975 KIJRAZONO • 5, 1972 ) but one of the most promising to day seems to be the directiona l
coupler switch the principle and realization of which we shall now describe.

a) Principle of the directiona l coupler switch.
It is now well kuow n that, if two lossless waveguides are coupled C fig 5 ) and if light

is Incident in one of them, energy exchange occurs and if the waveguides are resonant C ie if the two pro-
pagation constants p7 and ~2 of the coupled modes are equal 1 100% of the energy can be coupled from one
guide to the other. The minimum length required to achieve this is cal led the coupling length t~ if we
are able to change the propert ies of the coupler we can choose the gu ide by which the light w i l l  leave the
c i rcu i t .  To do this it can be shown that the best way is to destroy the resonance between the guides by
introducing assymetric changes in the propagation constants of the two modes. This Is shown on fIg 5 where
the energy in the orig inal ly  excited waveguide has been plotted versus the propagation length in two cases :

~~~~~~~~~~ 0 and A~~s cVi~ where C is the coupling constant . We see from these curves that when A.a4Io
the coupling length Is shortened and the maximum energy that we can exchange is less than 100%

Therefore by passing from the resonant to the non resonant case and by choosing the correct
length of the coup ler C L - C 2 m + 1 ) Lo where m is an integer I li ght can be switch from one guide to
the other. The resonance can be destroyed electroopt lcaIiy by applying opposed electrIc f Ie lds to the two
guides ( in order to max im is~~~ 1. This can be done by using either the three electrodes or COBRA confi-
guration C PAPUCHON, N, 1975 1 shown in fig 6. With the l atter only two electrodes are needed to create
opposed electric fields in the two guides C by using vertical components of the field

Light switch ing can readily be achieved in this way C PAPUCHON, N, 1 975
but it is very d i f f i c u l t  to get one hundred percent switch ing as we have to contro l perfectly the diffe-
rent parameters in order to achieve the correct length of the coupling region C I • C 2 m * I I lo I To
overcome this difficulty KOGELNIK and SCIfIIDT ( Y~IGELNiK , H 1 976 ) proposed a configuration C fig 7
where the resonance Is destroyed with oppos i te si gns in each half of the coupling region . Ie , if I
and ii are the two guides we get

first half second half
guide I : 

~~~~~~~~~~ ~~~~~~~~ 4 ~ 
(+An )

guide I I :  i .A f ~ ( +A ,~~
In this way they showed that the two states of the coupler can be adjusted e loctroopt ical—

iy in many cases. Hav i ng describe the principles of operation of th~ switch we shall  now give some results
that we have obtained during Its real izat ion .

b) Experiments.
To realize the switch we have used the prncesses already described In section I the

electrodes being the COBRA ones with the Koge lnik conf i guration to get the two switching states electri-
call y. A ~ cut plate of LiMbO3 crystal is then used in this case and the r33 electroopticai coefficient
is used via the vert i ca l components of the field and TM polarized guided waves.

The geometrical parameters of the coupler used in the experiment are
— width of the guides : 2/

urn
- spacing : 3jum
— length of the coupling , region : 3 ma

The measured switching voltages are
— 5 vo l ts to switch the light from the or ig inal ly  excited wavegulde to the other
— 9 volts to maintain the light in the orig ina l ly  excited wavegu ide~I0~GELNiK configuration has been

used in the f i rs t  case and the norma l COBRA configuration in the second one .Crosstalks of 20 dB have been
measured In the two states of the switch . When one switch is made we can try to integrate several ones
to create more complex functions. In our case two COBRA have been realized in a serial configuration

f i g  B I to obtained a 2 i nput to three output c ircuIt. Crosstaiks of 18 dB have bean measured in th is
case.

V I - CONCLUSION.
In this paper, severa l electrooptlcal components for integrated optics have been descri-

bed. The use of channel waveguides realized using Ti diffusion in LiNb0~ crystals shows that even if
much work is required to optimize the different confi9urations high perfo~mences electrooptlcel components
can readily be obtained in an optical integrated form.

— — ~~~~~~- — — — ____________________________________________________ ___________
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OlGA—HERTZ MODULATORS USING BULK ACOUSTO-OPTIC INTERACTIONS IN THIN FILM WAVEGUIDES

Gerald B. Brandt , M. Gottlieb and B. W. Weinert
Westinghouse Research Laboratories
Pittsburgh , Pennsylvania 15235

U.S.A.

SUMMARY

When bulk acoustic waves are applied to an optical waveguide, several modulation
effects are observed depending upon the type of wave (longitudinal or shear). Longitu-
dinal mound waves frequency—shift the guided light , thus providing a means of modulating
light in a wide variety of waveguide materials. Using thin—film mosaic acoustic trans-
ducer technology , we have demonstrated such modulation at frequencies in the g}lz region.
By segmenting the acoustic transducer electrodes , the same arrangement can be used for
deflecting the light since, with this arrangement , the acoustic field sets up a time—
varying grating whose spatial frequency is set by the segment spacing. Theoretical
frequency limitations on these devices do not appear to be important until approximately
30 gHz is reached , thus they are potentially useful, for extremely wide—band data links.
Experiments at 1.5 gHz show 30% bandwidth of acoustic modulation using optical heterodyne
detection .

1. INTRODUCTION

High data rate modulation of guided light is one of the basic future applications
of integrated optical devices. In addition to the obvious use in optical  communicat ion
links, high speed modulators or deflector’s can be expected to contribute to other inte-
grated optic signal processing functions such as heterodyne detection . Acoustooptic
modulation possesses a considerable advantage over competing technologies such as electro—
optic ~nodulat ion , part icularly when a hybrid fabrication approach is taken (Brandt et al.,
1976). Since all optical materials exhibit an acousto—optic effect to some degree,
waveguide materials are not limited to those which possess a particular property,
possibly one which requires fabrication of a single crys ta l  f i lm.  Thin f i lm transducer
technology has made possible the fabrication of reasonably high impedance , efficient
transducers operating in excess of 5 gHz. At such high f requencies, all materials
attenuate acoustic waves by an amount which increases with frequency. This attenuation
sets a practical upper limit to the frequency at which bulk and surface acoustic wave
modu lators and signal processors can operate; typically this limit is on the order of a
few hundred mHz. On the other hand , thin film bulk wave modulators are not limited by
attenuation until frequencies or the order of tens of gHz are reached , by vir tue  of the
fact that the acoustic path through the waveguide is short (on the order of micro—meters
in length). In the following ections we will describe the nature of the interaction ,
the technology required to make t~ ~n film transducers , performance of experimentaldevices , and promising directions for future appl~~.at1ons.

2. BULK ACOUSTIC INTERACTION WITH GUIDED LIGHT

2.1. Phase Modulat ion

Unl ike  the more common bulk  or surface  acous t ic  wave modulators  in which  the
sound propagation path extends over the full optical aper ture  of the device , bulk guided
waves require only that the sound traverse a relatively short region in the waveguide
(Brandt et al., 1973). Figure 1 shows the layout of these devices. Light of’ wavelength ,
A , is confined to a waveguide of thickn~ ss , t , deposited on a substrate such as glass.
An acoustic transducer is bonded or deposited on the top surface of the guide after an
optically insulating layer of low refractive index has been deposited on the guide to
eliminate loss caused by the metal ground electrode on the transducer. This layer is
n~ t shown in Figure 1, nor is a similar layer between the waveguide and substrate which
is required when a conducting substrate (such as Si) Is used . For frequencies less than
5 gHz , the acoustic wavelength , A , is much longer than the waveguide thickness. Thus,
at these rrequencles, the sound wave simply modulates the refractive index of the wave—
guide periodically with the acoustic frequency. The amount of optical phase change , •,
caused by the acoustic wave is

• — 2nL A8 /A 1)

where L is the length of the transducer under which the light propagates and ~B is thechange in the propagation constant of the guided light . AB is equal to a~ /an~ An where
~ Is the propagation constant in the particular mode of operation . Since the refractive
index changes are small , aB/an will be a constant , b , for any given waveguide and mode.
Thus *8 is proportional to An which in turn is a function of the waveguide refractive
index , n, the photo—elastic constant , p, and the strain amplitude , e, through the relation

An — — b n3 p e/2 . 2)

Equations 1) and 2) can be used to calculate the peak value of the phase excur—
aion induced by an acoustic wave on an optical wave contained in a waveguide mode. This
phase modulation can be calculated by considering (Christensen et al., 1975) a guided
wave with amplitude A of the form



A — A0 exp i (Bx — w~ t )  3)

where A is the  ampl i tude  and w is the f requency  of the light beam. Acoustic modulation
with a Bulk wave simply adds a ~hase term to equat ion 3) which varies in time with theacoustic frequency W a • Now the modulated light is of the form A’

A’ — A0 exp i (~ x + $ cos( wat) — v et )  4 )

I t  is well known (ITT, 1968) that a signal of’ this form can be described as a carrier at
the center frequency w plus an infinite number of sidebands at frequencies , for the
zn ’th sideband , equal t~ w~ ± mwa. The amplitude , A , of each of these sidebanda is
given by m

A A0 ( 1 ) m_ l 

~m 
( • ) , m 0; Am — A0 ~m~$)’ 

in o 5)

where J is the  Bessel func t ion  of the f i r s t  kind of order m . For small phase excursions
corresp~ndirig to low depth of modulation , only the first sidebands are important. In
this limit , equation 4) can be simplified to the form of a carrier plus two sidebands ,
namely

A ’  A0 exp (i8x)[cos(w L t )  — 
~ 

c o s (w~ -~~~)t + cos ( w t+wa) t ]  6)

namely a propagating wave which is time modulated at the carrier frequency w , plus  two
sidebands at frequencies Ca from the carrier. Each of the sideband ampl1tud~ s isproportional to •/2 thus ~ takes on the significance of’ the modulation index in ampli-
tude modulation. Each sideband , for t he small 2modulation case, has a power relative tothat of the carrier which is proportional to • /14 and the light in the downshifted side-
band has a phase shift of , relative to that in the upper sideband .

A t large values of • (large L or high acoustic fields), many sidebands are pre-
sent and equation 5) must be used to describe the modulation . In addition , at high
f ields , the interaction exhibits a geometrical dependence (Brandt et al., 1973, Christensen,
1975). Various portions of the guided light beam experience dlffering degrees of
modulation; this leads to amplitude modulation in the output—coupled spot which is a
function of position from the spot center. This effect is observed only at high acoustic
fields and its explanation must include the effects of geometrical spreading of’ the
guided light. It is not a particularly useful effect for modulation because of’ its
appearance only at high acoustic powers .

2.2. Deflection with Segmented Transducers

Up to this point , our analysis has assumed that the Sound field is uniform in
its Intensity across the optical aperture. An alternative mode of operation achieves
deflection by segmenting the electrode structure as shown in Figure 2. When the top
electrode of the transducer consists of a fine bar pattern with spacing, s, the piezo—
electric film forming the transducer is excited only in the area under the electrode
structure. Thus the incident light beam sees a spatially varying sound field which
acts as a time—varying grating of spatial frequency 1/s. This mode is very similar to
the Bragg electro—optic modulator (Hammer et al., 1973). When sound is applied to the
waveguide with a grating structure , the Incident guided wave will be diffracted in the
plane of the wavegulde into various diffraction orders at angles O

~ 
where

sin — mA/s . 7)

If the transducer Is long with respect to the electrode spacing, i.e., if

2~ AL/s2 1 8)

the operation is in the Bragg diffraction regime in which moat of the light is diffract-
ed into  the m ’th order when the guided light is incident at 0 from equation 7). For
short L , the diffraction is the same as that from a thin phase grating and analysis is
identical to the phase modulation case treated above. A spatial variation of phase re—
places the time variation in equation Ii), the relative amplitudes of the spatially
separated diffraction orders are given by equation 5), and again, the value of •corresponds to a modulation index which gives a quadratic dependence of power in the
first orders for small •. If L is large, equation 5) represents the ratio of the am—
plitude in the m ’th order relative to that in the zero order. Experimentally, we have
demonstrated this type of deflection In sputtered 7059 glass waveguides using segmented
transducers with 25 micro—meter spacing (Gottlieb , 1975).

2.3. Mode Conversion and Anisotropic D1ffracti.~n.

When shear acoustic waves axt~ ’applied to a guided wave, conversion between TE
and TM modes is observed (Brandt et al .,  1973, Shah , 1973) . This e f f ec t  results from
the stress—induced birefringence caused by the shear wave and is conalatent with the
more familiar bulk case In which diffracted orders take on the orthogonal polarization
to that  of the incident  l ight . Analysis  of d i f f r ac t ion  by an acoustic shear wave in

L blrefringent media (Dixon, 1967) leads to the anisotropic Bragg relations between angles( of Incidence and dlftraction which , in contrast to the isotropic case, are different
from one another. A waveguide , even if it is fabricated of an isotropic material, is
intrinsically blrefrIngent since the TE and TM modes have different propagation constants.

_.-__ ___ - -- - -  - -,* 
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We have extended Dixon ’s foriuulation (Oottlieb , 1976) to include the coupling of two
orthogonal waveguide modes by the grating induced by a spatially periodic shear acoustic
wave. Conservation of moBentum 4ictates a’relationahip between the incident and diffrac-
ted prg~Iagation vectors , ~~, and ~~ ‘ , and the momentum transfer characteristic of’ the grat-
ing, I K I  • 2w/s as

9)

Note that is not variable with acoustic frequency but is fixed by the spacing of the
transducer elements. For diffraction in a waveguide , the anisotropic Bragg relations are

K ~
2 8,2

sin • — 1 + 
~2 

10)

sin e’ — 1 — 

~ ~~~~

‘ 11)

where 0 and e’ are the angles Of incidence and diffraction measured from the normal to
the grating. A plot of equations 10) and 11) for a typical waveguide (Corning 7059
glass sputtered on a microscope slide substrate) is shown in Figure 3. For large K, the
first term in brackets in equations 10) and 11) dominates and diffraction is the same as
the isotropic Bragg case and 0 - 8’. For small K (large spacing, s) the second term pre-
dominates and there is a minimum value 0! K for whIch 8 - — 0’•~/2. At this point , the
three vectors in equation 9) are collinear and the relationship reduces to a simple
scalar one

s — 2i/(8’—B ) . 12)

At this angle there will be no deflection of the light beam and the effect of the grating
is to produce mode conversion between TE and TM modes of the guided light. Operation
under these conditions was demonstrated by Shah (Shah, 1973) who observed that there is
an optimum spacing between transducer segments for efficient TE—TM mode conversion .

Another interesting point occurs at 0’ — 0 where

K — IB~~—B’2 . 13)

At this point there is a minimum in 0 amd its value is given by

s i n e — K / B  . 114)

In some applications it may be useful to operate devices near this minimum value in order
to take advantage of the insensitivity of angle to change in grating spacing.

3. TRANSDUCER DESIGN FOR HIGH FREQUENCY PHASE MODULATORS

At giga—Hertz frequencies , transducer design becomes an extremely important part
of’ any acousto—optic or acoustic device. The main problem at these frequencies is that
for conventional transducer size and shape, the transducer input impedar~ce at the half—wave resonant frequency is very low (Z — 0.1 — 1/1.0 ohms for a transducer of lateral
area - 1 mm2). Since there is electrical loss in the contacts to the transducer, in the
metal films used as electrodes, and in the matching network , if used, a fairly low power
conversion from electrical to acoustical energy can be expected from such a low impedance
device. In order to Increase the input impedance of the transducer at high frequencies
without reducing the bandwidth , we use a mosaic transducer design (Weinert et al., 1972).

The geometry of the mosaic transducer Is shown schematically in Figure 4. It can
be shown (Weinert, 1977) that the input impedance of a transducer goes up as the lateral
area goes down. When small lateral area transducers are put into an array as shown in
Figure *4, the diffraction spread of the zero order acoustic beam in the far field is
that due to the overall size of the transducer and not that of the individual element
size. In the near field, the acoustic beam is an array of the small individual beams.
By adjusting the element size, number, and interconnection pattern, the input impedance
of a mosaic transducer ~..n be tailored to approximately match conventional RF sources.

For our experiments we used a 16 element, series connected mosaic transducer.
The piezoelectric film was B? sputtered ZnO approximately 1.25 micro—meters thick. When
this structure was fabricated on a glass waveguide, the peak response was at 1.5 gHz
and, at this frequency, the calculated value of transducer input impedance is
Z — 20 — i 140 Ohms. Also, the calculated resistance of the metal films is 9 Ohms and
this resistance is in series with the transducer impedance. A 1.6 micro—meter thick

~~~ 
film Isolated the bottom Al metal electrode from the guiding layer. Because of

acoustic reflections at the Si00 boundaries, this film can have an influence on impedance.
However at 1.5 gHz, this thickness of Si02 is acoustically transparent because it is one—
half of an acoustic wave thick. Figure 5 is a photograph of the completed transducer
on a sputtered glass waveguide.
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4. PERFORMANCE OF DEVICES

14.1. Efficiency and Power Limits

For both acoustic phase modulators and deflector’s, the amount of light in either
the m ’th frequency sideband or the m ’th diffraction order is proportional to the square
of the Bessel function of order m and argument •, the optical phase excursion induced by
the sound wave , in order to define modulation efficiency exactly, it is necessary to

!. 
specify the mode of operation of the modulator . For example , if the application requires
modulation of the zero order, 100% of the light is removed from that order when • takeson a value of 2.4 (that argument for which - 0). On the other hand , if the require-
ment is to maximize the amount of light in t?~e first order or sideband , then the modula-tor should operate so that + — 1.8 where J 1 has its first maximum. At $ = 1.8, 11% of
the energy remains in the zero order, 68% of the light appears in the two first orders,
and the remaining 21% is in the second and higher orders (sidebands). By comparison, an
electro—optlc modulator has maximum contrast when the phase shift is equal to a half
wave, i.e., • - w . In our analysis we will denote the maximum value of $ as r, recogni-
zing that r will take on different numerical values , depending upon the application .

When the bandwidth of the acoustic transducer is not a limitation (in practice
bandwidths of 100% of the operating frequency can be obtained with mosaic designs), the
transit time of the sound wave across the waveguide thickness , T, will set the band-
width limit. This frequency, fmax is just equal to v/T where v is the acoustic velocity.
For a waveguide medium with an acousto—optic figure of merit M2, the power needed to
produce a given phase excursion 6 — r Is well known (Damon et al., 1970). Taking this
expression and dividing by fmax, we get the amount of power per unit bandwidth for an
acousto—optic modulator as

~r
”1’max — 

2 

15)

where w is the transducer width and k Is the electro—acoustic conversion coefficient
(typically k2 — 0.1). EquatIon 15) shows that once the dimensions of the transducer
have been chosen and once the bandwidth has been set by the wavegulde thickness, im-
provements in performance can be made only by using waveguide materials with large M2.
Table I shows the influence of M2 on modulation power requirements.

TABLE I: POWER RE~~~~ED FOR PHASE MODULATOR

Material M2 (s3/gni) Pr/fmax(mW/MHz)

Fused quartz 1.56 x lO~~
8 19.4

Niobium Oxide 16 x l0~
.18 1.9

TeO2 35 x lO~~~ 0.86

A52S3 1433 x lO
_18 

0.16

T1~A 800 x l o
_18 

These efficiencies are estimates for a 1 cm long transducer with a value of r — 1.8.
The last material shown in the table, Ti AsS (Roland et al., 1972) is an exceptionally
good acousto—optic material and we have ~rep~red thin films of it. Unfortunately , they
are not yet of waveguide quality; waveguides of the other materials have been prepared
successfully.

Figure of merit plays an important role in another limitation of acousto—optic
modulators, namely the maximum achievable modulation set by thermal damage to the trans—
ducer. A power density greater than approximately 10 to 20 W/cm2 on a transducer will

- - damage it due to thermal and electrical breakdown effects. This power density, In turn,
sets a limit to the maximum practical value of • which can be generated, which in turn,sets a maximum to the modulation depth. Equations 1) and 2) can be used to predict
the maximum phase shift when the transducer is operated at a maximum safe power loading.
Phase shift is related to the acoustic power density P (Damon et al., 1970) by

.3 2 P 1 / 2  a
p 

~~~~~ 
16)

which can also be expressed in terms of M2 and electrical power input ~e 
as

•~~~~~~~~~~~~( 2 M 2 Pe k 2) l/’2 
. 17)

Taking yalues of M2 from Table I and assuming maximum electrical power loadings of
10 W/cm~ and 1 W/cm

2 we show in Table II the maximum phase shift achievable and the maxi—
mum intensity in the first diffraction order or sideband.

-~~~~~~~ - - -
~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~ ~~~~~-‘-~~ — V
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TABLE II: MAXIMUM PHASE SHIFT AND let ORDER INTENSITY

- 10 W/cm2 1’e — 1 W/cm2

Material •max ~i
2
~~max~ max

Fused quar tz  0 . 148 0.038 0.16 0.006

Nb2O5 1.55 0.316 0.149 0.06

Te02 2.29 0.338 0.72 0.11

As2S3 8.05 “ 2.514 0.338

T13AsS4 10.95 “ 3.146

From this table it is clear that quartz and similar glasses are not very good material
choices since only 3.8% of the light can be diffracted or frequency shifted even at
10 W/cm2. On the other hand , materials such as A52S3 and Tl~AsS4 provide more thanenough phase shift to reach the first maximum of J1 even at I W/cmd. Thus, large M2
materials for waveguides are important both for wide bandwidth designs and highly
efficient designs.

~4.2. Heterodyne Detection

Ampl i tude  modulated signals produced in the diffraction mode of operation can be
detected directly, however phase modulated signals require that a reference beam be pre-
sent to mix with the signal in order to detect the modulation . In the laboratory, the
reference signal Is readily supplied by setting the modulator—waveguide assembly in one
leg of a Macrl—Zennder interferometer. With prism coupling into and out of the waveguide ,
were able to provide satisfactory matching to the relatively small diameter wavefront
with non—precision optics to achieve satisfactory heterodyne detection over the detector
area. For a detector we used a PIN diode which was connected integrally with an 18 dB
gain wideband amplifier. The frequency range of this combination extended from 14 to
600 MHz, thus the 1.5 gHz modulated signal could not be detected directly with this
system. As a light source we used a Spectra Physics model 120 He—Ne laser which operates
with several longitudinal cavity modes spaced 280 MHz apart . As a result , heterodyne
detect ion could be performed with no frequency shifter in the reference arm; laser cavity
modes produced frequency offsets of 280, 560, 840, and 1120 MHz. Using the various com-
binations of these we were able to verify the operation of the 1.5 gHz modulator over
most of its designed 30% bandwIdth from approximately 1.2 to 1.7 gHz.

5. CONCLUSION

We have fabricated mosaic bulk acoustic transducers on optical waveguides and
have demonstrated phase modulation of guided light at frequencies as high as 1.7 gHz.
Using these techniques it appears possible to reach frequencies in excess of 10 gHz
before fundamental limitations are met. At higher frequencies , providing that transducer
fabrication can be accomplished , transit time across the wavegulde will limit bandwidth.
Acoustic attenuation does not become a limiting factor until the 30 to 50 gHz range of
frequenc ies. Heterodyne detection is necessary at gHz frequencies because readily
available solid state detectors are limited in frequency response to 1 gHz or less.
Integrated optical techniques , particularly hybrid fabrication on various electronic
substrates such as silicon or GaAs should offer promising solutions to realizing
heterodyne detection on a single device. High frequency modulators and detectors will
find wide applications in future large bandwidth communications and signal processing
systems for aerospace applications.
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Figure 1. Geometry of the bulk acousto—optic modulation of guided light. Light guided
in the waveguide of th ickness  T is modulated by an acoustic wave imposed by the tr’~ns—ducer bonded to the top of the waveguide.
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Figure 2. Segmented electrode geometry for deflecting the beam in the plane of the wave—
guide . The periodic structure set~ up a grating sound field which deflects the incident
guided light.
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Figure 3. Anisotropic Bragg diffraction by an acoustic grating. Upper curve represents
incident angle and lower curve the diffracted angle for the deflected propagation con-
stant larger than the Incident.

TRANSDUCER ELEMENTS IN SERIES TO V

REDUCE CAP*CITANCE AND INCREASE IMPEDANCE

Figure 14• Schematic of the interconnection of a mosaic transducer.
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DISTRIBUTED—BRAGG—REFLECTOR INJECTI ON LASERS FOR INTEGRATE D OPTICS

Shyh Wang
Department of Elec trical Eng ineering and Computer Sciences

and the Electronics Research Laboratory
University of California. Berkeley, Calif ornia  94720

SUMMARY

We discuss the underlying principles and describe the fabrication and operation of the DBR injection
laser , a novel semiconductor laser which shows great promise as a source for integrated optics . The laser
uses two corrugated waveguidea at the ends as reflectors. First , the effect of periodic thickness
variation on wave propagation is reviewed and the dispersion relation for the eigen Bloch wave is presented.
This presentation is followed by a derivation of the reflection and transmission coefficients of the
periodic—waveguide (or Bragg) reflector . Then the fabrication procedures and the operation of a DBR
GaAs_Gai~~

At
~
As laser are described . The performance of the laser is analyzed and W5~~8 to Optimize the

design of the laser for single mode operation with appreciable output power are discussed . Finally, possible
schemes for future integration with other optical components and for direct coupling into optical fibers
are proposed . Possible ways to fine—tune and to stabilize the laser wavelength are also suggested.

1. INTRODUCTION

The advent of low—loss optical fibers (flaurer . R. D.,  1973) has brightened prospects of integrated
optical communication systems and given impetus to research in integrated optics (Miller, S. E., 1969).
Inc oherent light sources such as LED’s, light emitting diodes (Berg h, A. A. at al., 19 7 2 ) ,  are limited in
their uses to syateins of low information—carry ing capacity principally for two reasons . Firstly, LED ’s
are broad—band sources. Light waves of different wavelengths travel in an optical fiber with different
veloc ities because of the variation of index of refraction with wavelength (material dispersion). Secondly,
nult imode transmission is necessary because the amount of power which can be coupled from a LED into a
single—mode fiber is very small. Different modes propagate with different velocities (modal dispersion) even
if they are at the same wavelength. Both material dispersion and modal dispersion distort the shape of
an optical signal and thus limit the information rate of an optical communication system . Coherent light
sources are needed if we are to have an optical signal of a narrow bandwidth to be propagated in a single-
mode op tical f iber .

There are thr ee impor tant considera tions in the selection of a laser for  use as the source in f iber
and integrated optics: low—loss transmission of the laser beam in optical fibers , sui tab ility of the laser
st ructure for future integration with other optical components and possibility of single—mode, narrow—band
operation . Semiconductor double—heterostructura (DH) injection lasers with periodic waveguide structures
at the two ends serving as mirrors, known as the distributed Bragg—reflector or DBR laser (Wang. S., 1974),
appear most promising in satisfying all the three requirements . A semiconductor DR laser (Hayashi , I..
et al., 1971) is one in which the active region is sandwiched between two mixed semiconductors of a
different composition so as to have a larger energy gap and a smaller index of refraction in the two outer
regions than in the middle region. Therefore, a waveguide is built into the laser structure. Furthermore ,
the emission from the laser can be made to fall in one of the low—loss regions of optical fibers (Miller.
S. E., 1973) by properly choosing the composition of a mixed compound semiconductor such as Gal_xAtxAs .

The waveguiding structure in a DR injection laser, i f extended beyond the laser, can be used as a
common waveguide upon which other optical devices can be built. To make such a laser suitable for integrated—
optics applications , periodic waveguides are incorporated into the structure. The periodic waveguides in a
semiconductor DR DBR injection laser will serve the same function as mirrors in conventional lasers, but
can be fabricated on a continuous waveguiding structure withou t disrupting the structure. The name “Bragg
reflector” is used because strong reflections from the periodic vaveguides take place only when the Bragg
condition is satisfied. Such a reflector can have a bandwidth sufficiently narrow for the laser to
operate at a single wavelength. In this paper , we first review the underlying principles of the DBR laser,
then describe the fabrication and operation of a GaAs—Ga1 AL A. DBR injec tion laser , and finally d iscuss
future directions for further development of the DBR injechon laser as a source for use in integrated
optics.

2. WAVE PROPAGATION IN PERIODIC WAVEGUIDES

The pioneering work of Kogelnik and Shank (Kogelnik , H. and Shank. C. V., 1971 and 1973) on distributed
feedback (DFB) laser has stimulated a great deal of interest in the use of periodic vaveguidea in different
laser structure, using various laser—active material .. Among different laser structures, the multi—layer
structure using periodic thickness variation as first proposed by Wang (Wang . S., 1972 and 1973) is most
suitable for integrated optics because the scheme can be easily imp lemented in the conventional semiconductor
DR injection laser. In this section. we review the essential features of wave propagation in a periodic
vaveguide and formu late the necessary theoretical background for an analysis of the DBR laser.

First, we consider wave propagation in a uniform planar waveguide which consists of a waveguidtng
film of thickness W and with refractive Index fl ç sandwiched between a substrate with index n5 and a super—
strate with index n4. The proper mode of the planar dielectric waveguide is governed by the mode equation
(Tie n, P. K . ,  et al., 1970) :

k5W — tan~~(e,p /k ) — tan~~
(edpd /k X) — (1)

where k i. the transvers , wave number , p ii the decay constant of th. evanescent wave in the substrate
and sup~rstrate , respect ively , e d is a ~6~arization factor with .~ ,‘l for TB wave, and a d — (ne/n d~for Th wave., and a is an integ2t representing the transverse mode *~nbsr. From Eq. (1), k can .61,1’

as a function of tw. For each mode , we have a characteristic value for k5 and corresponding values for
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and 
~~~~ 

Wave propagation In the uniform waveguide is described by the wave equation

d
2E/dz 2 — (g— iR ) 2E — 0 (2)

where g — k~ is the longitudinal wave number and g is a gain constant to account for either amplification
(g—+) or absorption (g— ) of a wave in the guide. Each mode propagates with a distinct B. Because all the
mode. &t e orthogonal , ther e is no coupling between the modes in a perfectly uniform dielectric guide .

Next , we consider wave propagatio n in a waveguide wi th periodic thickness variation (Fig. 1). A
change in thickness from W to W+t produces a correspond ing change in transverse wave number from k to
kX

+Ak
X

. Expanding Eq. (1),  we ob tain

Ak5 — (dk /dv) t + (d2k /dw2)t2/2 — b1t + b2t
2 

- (3)

The periodic change in k • in turn ,. r esults in a corr eponding change in k5 with Ak 5 — —( k 5/k )Ak
~

. Under
the circumstance, the 1o~gitudinal wave number 8 has a periodic component AB superposed on t~e constant
value 

~~ 
and Eq. (2) can be rewr itten as

d2E/d.2 — (g—i8
0
)
2
E — 480(Eeqcos(q2K8z)JE (4)

where K — v/A and A is the period of thickness variation. The coefficient ic in a Fourier expansion of
ag is ch~e.i the coupling constant because it introduces coupling between ~~~~~~~~~~~~ whose wave numbers
differ by q2K

3
. In a DER or DYE laser , the two coupled waves have their wave vectors in opposite directions;

therefore , the Bragg condition for coupling becomes

k1 + k 2 — q2K
6 

(5)

Since the operational properties of a DBR or DYE laser are dependent on the coupling strength , we
devote some discussion to the comi,utation of K q~ In Fig. 2, we plot the longitudinal wave number B versus
V curve computed for three transverse TB modes. The index values chosen as n~, — 3.60 and n

9 ~ — 3.40correspond approximately to the values in a typical GaAs DR laser. Knowing tile awing in AW , ’tha t is , t1and t , in Fig. 1, and the profile of the thickness variation, we can construct the 8 versus z curve and
thus f ind the coup ling const ant uc~ for use in Eq. (4). The following general features of the B versus W
curves are worth noting. First , Ehe elope of the curve increases with increasing transverse mode number

‘ Therefore , higher order modes have a stronger coupling constant. Second, the curve deviates
considerably from a linear relation especially for the m 2 mode . Therefore , the B versus z curve will not
follow exactly the grating piof tie, that is the W versus } curve. A practical consequenc e of this nonlinearity
is that even harmonics of Kq will exist even for gratings with symmetric profiles.

To gain physica l insight as to what factors control the coupling constant , we use Eq. (3) to find
an analytical expression for K for two simple grating profiles: rectangular and symmetric triangular. If
we write kq an 

q

— Pq (k~/2B O
) (AV/Weff ) (6)

then we find : for the rectangular profile of width 2a ,

Fq — (2/qi) sin (q2wa/A) (7)

and for the sy tric triangular profile,

Pq • 4 1(qw) 2 , q — odd (8)

Fq 
• L4 1(qw) 2J (b 2AW/b 1),  q — even (9)

in th. above calculation, t1 — t2 — AW/2 is assumed , that is, the unperturbed waveguide is taken to be
midway between the two eztr ss. in Eq. (6) , the quantity (k2/ 28 ) (AW/W efc ) is the amplitude (half swing)
of the 8 change produced by the thicknes, change (half swing ~ AW?2) ,  base6 on the linear relation
Ak,, — b t alone . The quantity F is the Fourier coefficient of the B versus a curve taking into account
boTh iiAear and quadratic t.rms ,‘~

The propor tionali ty constant b 1 in Eq. (3) and hence the quanti ty Weff in Eq. (6) can be found by V

diff erentiating Eq. (1). We f ind : for TB waves ,

W1ff — w + p 1 + p~~ (10)

which is exact and for I)~ waves,

V1ff • V + (p~
l4,~

l)CB 2/(8~_k
2fl (11)

which is a good approximation ~~ ~5,d ~• close to n~ as in semiconductor DR lasers. Based on Eqs. (10) and
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(11), we expect the coupling constant to be higher for TB waves than for Th waves. This conclusion is
consistent with experimental observations that the DBR laser has a TB polarization. For modes not too
close to cut—off , we can approximate It5 by flfk0. Wef f  by W, and It by (m

~
+l)n/W, and thus estimate the

value of the coupling constant from x

K q 
- F

qI(mt
+l) 2w2/k O

nf](AW/ W 3
1 (12)

which clearly shows the dependence of r on m and W. The Fourier coefficient Pg is normalized for a
unit change in AB calculated from the i~ near term alone in Eq. (3 ) . For the rectangular grating and for
the odd harmonics of the symmetric triangular grating, Fq is proportional to A81 + AB2 and for the even
harmonics of the symmetric triangular grating, it is proportional to Aft

1 
— AS2 where AS 1 and AS., (Fig. 1)

are the swing of B with respect to 8~ 
of the unperturbed waveguide. Because the contriButions to AS 1 and

from the linear term in Eq. (3)  have the same sign while those from the quadratic term have opposite
signs and because the magnitudes of AS1 and Aft 2 depend on the division in t 1+t 2 — AW , the quantity F is
dependent on the choice of the unperturbed weveguide . Equa tions (7) to (9)  are based on t1 

— t
2 

— A~~/ 2 .

In Fig. 3, we plot the values of the coupling constant K
3 

for the third har monic as a function of
the tooth height AW from Eq. (6) as curve 2 , from Eq. (12) as curve 3 and directly from Fig. 2 as curve 4
for the rectangular and symmetric triangular gratings. For comparison , the curves computed by Streifer,
Sc~fres, and Burnham (Streifer , W . ,  et a l . ,  1975) , using an overlap integral involving the index change
An weighted by the transverse field distribution E2(x) , are shown as curve 1. The agreement is almost
perfect  in the triangular case , for which t 1 — t 2 was assumed in both the present and SSB calculations. A
significant discrepancy exists between the results from the two calculations in the rectangular case, for
which different divisions in + t

2 
AW were used. Because the information concerning the field

distribution in the transverse plane is already contained Implicitly in the mode equation, there is really
no need to formulate the problem of wave propaga tion involving again the transverse f ield distribu tion
E(x). Therefore, the two methods shou ld yield consistent results if the same assumptions are used about the
unperturbed waveguide. The procedure outlined above for computing K is comparatively simple, and can easily
be extended to other simple grating profiles such as the sawtooth aJ sinusoidal profiles. The major
uncertainty in computing r is t~t choosing the unperturbed vaveguide, especially at large values of AW where
the quadratic term in Eq. ?3) becomes important.

Now we discuss the eigen modes of the guide. In a periodic medium, the proper solution must be in
Ploquet—Bloch form

E(z) — A41
(z) exp(I’z) + B$2(z) exp(—rz) 

(13)

where 4(z) — $(z+A) is a periodic function and hence can be expanded in terms of its Fourier components.
However , because of the Bragg condition, oniy the components whose wave vectors are related by Eq. (5)
have significant amplitudes . Therefore , the solution of Eq.  (13) can be approxima ted by

E(z)  — (U f + Uf.4.q exp(+iq2K
8
z)) exp(rz) + [u b + Ub_q exp (_iq2K~z)1 exp(—rz) (14)

where I’ — G—iK is the effective propagation constant . Physically, the terms Uf 
and Uk represent the two

primary waves propagating in the forward and backward direction , respectively, and th~ terms Uf~ , and Ub a
represent their respective Bragg—scattered secondary waves. Substituting Eq. (14) In Eq. (4) anE collecting
terms related by the Bragg condition , we find

Uf.~q
/U f 

— Ub_q/Ub —. ~ 
(15)

where the scattering factor a and other relevant parameters are defin ed es

5 — — i K [ G  + g + i(6+6 ff ) J ~~~ (16)

6 — qK~— B 0, 6eff  — qK8—l ( (17)

— (c5+iB ) — (g+iA) 2 + K 2 
-
~~~~ (18)

In Fig. 4 , we show the wave vectors of the four prin cipal field components of Eq. (14) . The
reciprocal lattice vector q2% couples Uf.~~ to U1 and coup les ~~~ to Ub. In this coup ling process , the
wave vector s are conserved . However , the wave vectors of and IJb are not connected by the reciprocal
lattice vector.  Therefore , in Eq. (14),  there are two indepen dent wave s U f and Ub which are not coupled.
A D8R or DFB laser , l ike a conventional laser , needs a change of the propagati on property at a boundary to
couple U and U . This will be further discussed in Sec. 3.  In Fig. 5 . we present the dispersion diagram
showing ~he g.Jr al behavior of r — G—iK near the Bragg wavelength and defining the various para meters in
Eqs. (16) to (18) . For comparison , th e dispersion diagram for a corresponding uniform waveguide is drawn
as curve ( I ) .  The other three curves are for periodic waveguides without loss (curve I I ) ,  with gain
(curve I I I )  and with loss (curve IV) .

3. REFLECTION AND TRANSMISSION AT BOUNDARIES

In this section , we treat the problem of mat ching the field, at a discontinui ty and derive expressions
of the reflection and transmission coefficients for the DBR laser cavity. First we consider the boundar y
probl em between a unifor m and a correspondin g periodic waveguide made of the same material and of nearly
equa l vave~uide thickness U . The f ield in the uniform waveguide can be represented by

B(s) — A exp(ys) + B .xp(—y: ) (19)
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where y — g—iB is the propagation constant , an d the field in the periodic waveguide can be represented by
Eq. (14) . Continuity of the tangential coiapone; t of B and H at the boundary (chosen as z— 0) requires

U f + U f+q + U b + U b_ q~~~A + B  (20)

K(Uf
_U

f+q~
Ub+Ub_q) S(A—B) (21)

In obtaining Eq. (21), we make the approximations that y —iB, I’ —ix, and K q% near the Bragg
wavelength. We also vote f rom Fig. 5 and Eq. (18) thz t K and S differ by a maximum amount of 6 — K which
is of the order of 10 cm~~ (Fig. 3) whereas the value of K is on the order of 2.5xlO5cm~1 in GaAs laser.
Therefore, we can fur ther le t K — B and thus obtain

U1 
+ Ub_q - A, U

b 
+ U

f~~ 
— B (22)

Equation (22) says tha t at the junction of a periodic and uniform waveguide, we can equate the
amplitudes of the waves with their wave vectors in the same direction , This simplification is a direct
consequence of the assumption tha t the two waveguides have approximately the same propagation characteristics .
Even though K is different from 5, the quantity (K—r)/(K+B) is too small to cause any appreciable reflection.
However, in the periodic waveguide, the proper modes are Bloch waves but not plane waves. In terms of the
eig~p Bloch waves, there is reflection at the boundary. In Fig. 6, we illustrate two boundary situations:
(a) a 8loch wave incident on a uniform waveguide of infinite extent and (b) a plane - wave incident on a
periodic waveguide of infinite extent. For case (a), we set 8—0 and A—U . Thus, we find Ub /U f — —s and
Ut/U 1 

— 1—s2 using Eq. (15). For case (b), we set 04 — A , Ur — B, 0b 
— and 0

b 
— 0. Thus, we f ind

Ur /U i 
s. In both cases, the ratio of the reflectea wave to the incident wave i~ equal to Lhe scattering

factor a. The value and the phase of a are plotted in Fig. 7 as functions of Sir for several values of g/c.
As we can see, a high reflection can be obtained near the Bragg condition (6<r) if g/K is small.

The above discussion is for incidence on an infinite wsveguide. Now we consider the situation in
which a periodic waveguide of length L is connected at the ends to two uniform waveguidea as shown in Fig. 8.
A wave incident from one of the uniform waveguides may undergo multiple reflections at the two boundaries,
and finally be ei ther reflec te~ back to the original uniform vaveguide or transmitted through the periodic
waveguide to the other uniform waveguide. We refer to the periodic waveguide as a Bragg reflector . The
reflection coefficient R and the transmission coefficient T can be found by using the method of multiple
reflections (Wang. S., et al., 1974) and are, respectively, given by

I — 
sLl—exi(2PL~ - 

(l#s
2)exp (PL)1R 1 2 ‘ I I  2 

( )
l+s exp(2PL) l+s exp(2PL)

In Fig. 9, the value of f~I and f ri are plotted as functions of d/r for two losaless (g 0) Bragg
reflectors of different lengths. The dimensionless quantities A/r and cL are used as parameters. Several
features of the curves are worth noting. The relation fR I2 + rI2 — 1 is always true as required by the
condition for energy conservation. The reflection coefficient has appreciable values only for 6 < Ic , that
is. near the Bragg condition. Using K 2s n/A and 6 r , we obtain the half bandwidth of a Bragg reflector
as

AA sc
q
A /2wfleff (24)

where fl,ff is the effective index of the guide taking dispersion into account . The values of IR I and TI -

at the Bragg wavelength (6—0) are given by

RJ 8 
— tanh (rL), ITJ 5 — sech(rL) (25)

and those at the edge of the Bragg—reflector band (6 r) are given by

— ,CL//l+IclL2, j T f 1 — l//l+,C2L2 (26)

To achieve high reflec t ion , we should choose .cL 2, and to have apprsciable transmission vs should let
rL < 1.

In Fig. 10, we plot the value s of R I  and T I fgr a lossy Bragg reflector with rL — 1 and i/ic — —0.2.
Because of loss in the periodic vaveguid e, the sum al’ + f T ~

2 < 1 is true. From Fig. 7, we see si a 1
even at 6—0 . By letting sf — exp(—A) , we find at 6 0

I~i 3 — sinh(PL )/cosh(PL+A) . I T I B — coshA/cosh(PL+A) (27)

where ~ 2 - and a is the loss constant in the periodic vaveguide (g——n) . For PL > 2, Eq. (27) can be
approximated by

R I 5 jsf , TI 8 (1+1s1 2) .xp(—PL) (28)

For a loss constant of a/s — 0.2 , s~ iii 0.8 (Fig. 7). Therefore, the relatively low valu e of
f R f  (—0.66) in Fig. 10 ii the combined effsc ta of a loesy reflector and a relativel y small value for rL.
For5PL..l and sf — 0.8, we find from Eq. (28) 1T1 5 - 0.61 not too far from the value 0.55 given in Pig. 10.
Therefore, the value of 1T15 is still mainly determined by the product ,cL. For practical DBR lasers, it
appears desirnbje that we hays two different reflectors : one mirror reflector with .cL > 2 for high
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reflectivity and mode selectivity , and one output reflector with rL < 1 for appreciable output power.

4. PERFORMAN CE AND OPTIMAL DESIGN OF ThE DBR LASER

Operation of the DBR injection laser has been reported in the 
~~~

5
~~
5l_x~~x

#1 system by several
groups. (Reinhart , F. K., at al., 1975; Tsang, W. T., et al,, 1976; Ng, N., at ci., 1976; Kawanishi,
H., at al., 1977.) Here we briefly review the experimental results reported by Tsang and Wang, and discuss
the performance characteristics and fabrication procedure of the DBR laser as a discrete device . Those

4 aspects of the laser relevant to applications in integrated and fiber optics will be discussed in Sec. 5.
Figure 11 shows the experimental structure of the laser, First , a multi—layer structure similar to that of
NI injection laser Is grown by liquid—phase apitaxial (LPE) growth process. The middle GaAs layer serves
both as the recombination layer generating laser radiation and as the vaveguiding layer guiding the laser
radiation. The two Ga1 ALXAS layers which have a larger energy gap and s smaller refractive index thanGaAs serve as cladding. to confine the laser radiation mainly to or in the vicinity of the GaAs waveguide.
The two outmost GaAs materials, the n—GaAs substrate and the p—GaAs cap, are needed for electrical contacts.

After the LPE growth, wide channels are made in the wafer by etching sway chemically the two top
grown layers to expose the middle GaAs layer. Then periodic gratings are made onto the exposed surface by
using laser—interference (Shank, C. V., et al., 1973) and preferential chemical etching (Tsang, U. T., St al,,
1976) techniques. Finally, silicon dioxide is sputtered on the whole wafer , windows are opened in the oxide
for electric con tac ts, and the wafer is cut to make individual DBR lasers. The laser is mounted on the cold
finger of a dewar and the laser characteristics are studied at I8YK.

Figure 12 shows a high—resolution spectrum of the DBR laser at a current density ~ — 1.1 
~th 

above
the threshold. Setting k1 

— k2 — S in Eq. (3), we can express the Bragg condition in terms of wavelength as

/1 — qA / (2n ~ ) (29)

where °g — 8/k0 is the equivalent index for a guided mode. The average thickness of the corrugated sections
of the guide is 0.94 ~

,. From Pig. 2, we see tha t the TB2 mode is fairly close to cut—off and hence is
expected to have a large le4age loss. Therefore, we use the value of n for  the TB1 ~~~~~ which is 3.53
from Fig. 2. With A — 8509 A and q - 3 In Eq. (29), we find the theoretfcel value for the grating period
-~ — 3615 A. The value of A as determined by SEN and diffraction angle measurements is 3550 ±70 A.

Two important questions relating to the performance of a DBR laser are the mode selectivity and the
output power. To achieve single—mode operation , we must make the longitudl al—mode spacing larger than the
bandwidth of the Bragg reflectors. For a laser with an active region of length L5, the longitudinal mode
spacing is

AX — A2/Zn ffLa (30)

The value of ~~~~ — n — Adn/dA in bulk (not waveguide) GaAs is 5.5. Corrected for the difference between
B and — 1.6, the value of n5ff for the TB1 mode is 5.43. For L5 — 480 ~m and A — 8509 A , the calculated
mode spaciog is 1.39 A. The obgerved mode spacing is 1.36 A. In the experiment, as the injection current
was raised , the mode at 8507.6 A also became prominent while the background radiation which also displayed
an in terf 9rence pattern due to the gratings remained more or less the same. Obviously, the group around
A — 8516 A is outside the bandwidth of the Bragg reflectors . Using Eqs. (24) and (30). we obtain rqLa < w
as the condition for single mode operation. For the experin- ~ta1 unit , the product KqLa — 5.5. Therefore,
two dominant longitudinal modes are expected and were observed .

Figure 13 sho9 the total power (curve A) and the power (curve B) measured V around 8509 A with a
bandwidth of about 5 A. Both curves give a threshold current density of 89D A/cm2 at l83 K. The linearity
of curve B above threshold indicates the predominance of the two longitudinal modes which are within the
bandwidth of the Bragg reflectors, for current densities up to J — 2.5 

~th~ 
The elope of curve B gives the

differential quantum efficiency which is theoretically given by

~DBR — 
~i IT I

2/ta 1cLa + tn(1/IRI
2)) (31)

where i. the internal quantum efficiency, and afC is the loss constan t in the active region mostly due to
free—carrier absorption. The value of r for q — 3 and the TB mode is es . m ated to be 115 cm~~ (for a
rectangular greting of 3 A/8 teeth width and 0.12 ~

us — AU teeth height). The loss constan t a in the
reflector region is estimated to be 80 cm~ - (Wang, S., 1977). Ubing Eqs. (16), (17). (18). and (23), and
a value L — ~l5O ~m, we find IR I — 0.51 and ITI — 0.16. Substituting these values d assuming n1 — 0.60.
afc — 10 cm 1, and L5 — 480 ~us in Eq. (31), we ob tsin flDBR — 0.66xl0 2. The output power of the laser is
7 ~ J (3.5 ~4 from one reflector) at a current of 300 mA above the threshold. Thi. power yields an
exp- -rimental value for flDBR — l.6xl0 2, Owing to the uncertainties in estimating r and a, the agreemen t is
considered good.

In the experimental DBR laser , we have used the same length L for both reflector., a cavity length
La to allow two longitudinal modes, and lossy GaAs in the reflector region due to re—absorption. The mode
selectivity and output power co-aid be greatly improved by using two diffsrent cL products , by reducing the
cavity length and by using Gai_xAtxAa to minimize a in the reflector region. A. an .ximple , we keep
r — 113 cm ’ but choose L2 — 80 

~
m and ~L2 — 0.92 for the output reflector, 4 — 200 ~m and ,tL1 — 2.3 for

the mirror reflector , and reduce L5 to 240 um. Purthmr, we assume a — ID cm 1 in the passive reflector
region. For future referenc e we label this proposed laser as the”optiaally designed” UBR laser. Using these
values in Eqs. (16), (17), (18), (23), and (31), we find at the Bragg wavelength Rij — 0.693 and T0 — 0.648
for the output reflector , Rr * 0.920 and Tr — 0.184 for the mirror reflector, and a differential quantum
efficiency 

~n 
— i2.5xl0 2 which should raise the output power to 130 mU. Note that both Ro and Er Ste

higher than ~~e vslue 0.565 in cleaved DII lasers. The threshold gain of a laser with two different
reflectors is given by

_ _ _ _ _  — - - — - —~~~~———-- -—— ---- V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The longitudinal mode spacing in terms of S is given by 6 - ir/L . For L — 240 pm, the mode next to the oneat the Bragg wavelength has a value 6 — 130 cm 1. Thus, we fins from Eq . (16), (17). (18) and (23),
— 0.617 for the output reflector and Rr — 0.736 for the mirror reflector. Substituting these values in

Eq. (32), we obtain a difference of threshold gain Agth — 14 cm~~ for the two modes. Based on the gain—
current—den sity relation of Stern (Stern , F., 1973), we can expect single mode operation from a DBR laser
wi th power up to 60 TiM. Therefore, with improved design, a DBR injection laser can operate in single mode
with sufficient output power.

5. LASER INTEGRATION AND WAVEGUIDE-FIBER COUPLING SCHE?~ S

Before we discuss ways how the DBR laser can be integrated into an optical circuit or coupled into an
optical fiber, it may be useful to comment on the relative merit. of the DBR and the DFB laser from the
standpoint of laser fabrication and design. The rapid development of integrated electronic circuits on a
large scale is made possible by standardization of processing procedures and simplification and reduction of
processing steps. The DBR laser is compatible with this concept. Because the reflectors can be made by
photolithographic and etching techniques after the waveguiding structure is fabricated, only one LPE growth
step is needed. In contrast, two LPE processing steps are usually needed for the DFR laser. We feel that
the one—step LPE growth offers a tremendous advantage.

What we envision for future integrated optical circuits is a basic waveguiding structure co~~~n to
most, and all if possible, optical devices. This co~~~n atructure should require only one LPE processing
step. Should we need separate and different LPE growth st eps for each dev ice , then integration of optical
devices would be difficult. Additional pre—LPE or post—LPE processing steps would be introduced to divide
the c~~~on waveguiding structure into several segments for different device functions so that the devices
could be physically separated and electrically ieolated from one another. The two reflector regions in a DBR
laser could be used for separation and isolation from her optical devices.

The DBR laser structure also offers flexibility in laser design. As discussed in Sec. 4, to maintain
high mode selectivity and low laser threshold but at the same time to be able to derive appreciable output
power , we must have different reflection and transmission coefficients at the two ends of a laser . This can
be done in the DBR las r by making the two reflectors of different lengths. In the DFB laser, the reflection
and transmission properties at the two ends are the same because the parameters that we can adjust, for
example, the coupling constant and the length, are all those of the one and only active region. The
reflectors in the DBR laser also may serve other purposes. For example , if a second—order (q—2) grating is
used , the fundamental  component of the coup ling constant can be uaed to couple out the laser radiation while
the second ha rmonic component provides the nc:~~~..~ rv reflection for laser action. The coupled—ou t beam has
extremely low divergence (Alferov , Zh. I., at al. ,  l’s14; Zory , P . ,  et a l. ,  1975) . The reflector also can
serve to provide some optical isolation between the DBR laser and the adjoining optical circuit for preventing
parasitic effects. In contrast, a DFB laser is directly connected with the adjoining optical circuit unless
special provision is made to separate them.

Now let us examine possible schemes for integration of the DBR or DEB laser into an optical circuit.
As mentioned earlier, the first step toward integration is to f ind  a co~~~n waveguiding structure. One
fundamental problem we face in using semiconductors as the base material for monolithic integration of
optical components is absorption losses. The laser radiation emitted from the pumped (active) part of a
GaAs waveguide will be re—absorbed in the unpumped (passive) part. In Sec. 4, we estimated a - 80 cm~~ in
the unpumped reflector region. The same loss constant is expected in the unpumped regions of the co~~~nwavegul.de interconnecting two optical devices. As a discrete device, the DFB laser has the disti.~ctadvantage that there are no umpumped regions. In an integrated optical circuit, however, the problem with
re—absorption losses in the interconnection regions exists irrespective of whether we use the DBR or DFB
laser as the source. For an unpumped distance of 400 pm which we think is a minimum separation between two
devices for adequate isolation, the power loss is about 962 if a — 80 cm 1. This power loss is unacceptable.
The problem with iossy reflectors in the DBR laser is automatically solved if the loss constant a in the
un~ uaped waveguide region can be substantially reduced.

One way of having a low—loss reflector region is through the use of a tapered coupler whereby the
reflector can be made on (GeAt)As which has a larger energy gap than GaAs . Such a DBR injection laser has
been demonstrate~ and made by a single LPE step (Ra inhs rt , F.  K . ,  1975) . Here we consider a simpler way of
solving the problem through the use of separate optical and carrier confinement. The original purpose of
the separate confinement scheme (Erased . H., at al. 1972; Thompson, G. H. B., at al , 1973; Casey, H. C.,
Jr., at al , 1974) is to lower the threshold current density by reducing the active— layer thickness and at
the same time to minimize output—be am divergence by increasing the optical aperture . We propose to use the
same scheme to minimize re—absorption losses in the unpuaped int erconnect ion regions in integrated optical
circuits .

A DBR injection laser with separate optical and carrier confinement is shown in Fig , 14 with the
middle p—G.M layer (layer 3) used as the reco~~~ina tion layer and the neighboring n—Ga1_~At1_,Aa layer
( layer 2) used as the main waveguiding layer. For the separate confinement to be ef fecttve , the GaAs
layer should be thin (of thickness C l  pa or smaller) and the n—Ga1 AL.~As layer should be comparatively
thick (in the neighborhood of 1 pm) so that the GaAs layer can be t~~.ihat ed without much loss of radiation
it the termination. The continuing n—Ga1_1,At~As layer can t hen be used as a c~~~on vaveguide on which - 

-~

otner optical devices can be built. We shoula point out that the optical confinement layer has to be below
the carr ’,r confinement layer f or the common wsveguide to continue. The structure proposed in Pig. 14,
therefore, would be impractical for the DFB laser for lack of suitable place for the grating . We do not want
to place the grating between layer. 1 and 2 because this would require a second LPE growth on the Gai_~AtxAs
la yer of relatively hi gh At concent ra t ion (z’O.3). We also do not want to place the grating between layers
2 and 3 because the grating would reduce drastically the recombination efficiency and thus stop the laser
action .
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To f ind the composi t ion y needed in the waveguiding layer, we set an upper limit of a 10 cm~~ on
the absorption coefficient . Th u is the value we assumed in Sec. 4 for the passive reflector region of an
“optimally designed” (not the experimental) DBR laser. Using the experimental data of GaAs (Casey, H . C . ,
at al., 1976), we find that this value is reached in heavily doped GaAs at an energy 0.065 below the energy
gap of pure GaAs. For small y, the band shift in Gai...~,AL~As with respect to GaAs is about 12.7 meV for 12
At concentration. If we aas, that the absorption coefficients in GaAs and Ga1..~At~As have similar behavior
then a value of 0.06 for y should be suff icient  to keep a below 10 cm 1. The composition x for the other
two Gai..~At~As layers , on the other hand , should be larger than 0 .3  to prevent leakage of laser radiation
into the two out most GaAs regions. The DBR laser labelled as “optimally designed” in Sec. 4 should be
realizable with the present technology .

Once we have in mind a suitable common waveguiding structure for integrated optics, we can think of
building various optical devices with or on the structure. In Fig. 15 we present our ideas for consideration
as possible approaches to building simple integrated optical circuits. In region A, the GaAs cap, the
p-Ga1 5 At As layer (layer 4), and the GaAs layer (layer 3) are removed by chemical etching. Obviously this
region ca~ be used for isolation. For some purposes, we may use p—n junctions for better isolation and want
to perform a subsequent diffusion or ion implantation to convert the Ca1 At As layer from n to s or p
This step would make it poasibl~ to apply a high electric field and thus ~na~le us to use the electrooptic
effec t in this region. For example, if region A is a part of the DBR laser, we can use the electrooptic
effec t to control the laser action. For a field of lO’V/c~ which is below the breakdown field in GaAs , the
shift in laser wavelength [Eq . (29)]  is estimated to be 4 A which i. comparable to the bandwidth of the
Bragg reflectors. This effect offers several interesting possibilities. If the effect is applied to both
Bragg reflectors, than we could f ine tune the laser wavelength. If the effect  is applied only to one Bragg
reflector, then we could modulate the output of the laser by shifting the Bragg wavelength of one reflector
with respect to the other. If the effect is controlled by the output of the laser through a detector such
a. the one shown in region B, we could stabilize the laser wavelength against unwanted drift. through the use
of a proper feedback control circuit.

In region B, the structure is the same as that for the DBR laser without the Bragg reflectors. If the
diode is forwardly biased, it could be used as an amplifier. Based on the gain relation of Stern (Stern, F.,
1973), a gain constant g — 75 cm ’ could be expected at current density of 7 kA/cm2 at room temperature.
Assuming a confinement factor P — 0.2 (fraction of laser radiation in GaAs), this would mean a gain in power
by a factor 4.5 in a distance of 1 mm. If the diode is reversely biased it could be used as a detector.
Any laser radiation guided in the Ga1 At As layer (layer 2) will spread to and hence be absorbed in the —lGaAs layer (layer 3) upon entering tlie7dehctor region. If we use the same absorption coefficient a — 80 cm
in GaAs as before and assume a confinement factor r — 0.2, then a detector of length 2 mm could have a
detection efficiency of 962.

Finally we present a poesible scheme for direct fiber—waveguide coupling. Although several coupling
schemes have been proposed, they all have one problem in common, that is, matching the geometry of the
fiber and waveguide. Recently, several techniques have been proposed and demonstrated for making two—
dimensional GaAs— (GaAt)As waveguides (Tsukada , T., 1974; Burnham , R. D., 1975; Kirkby, P. A., et al.;
Nsmizakt.H.. 1976). We have independently developed an etch—and—grow technique for making inverted ridge
waveguide (Botez, D., et al., 1976). Clean mode excitation and transmission in the guide (Taang, W.T.,
et al., 1976) and laser action in optically pumped half rings (Botez, 0., et al., 1976) have been reported.
One obvious advantage of the inverted—ridge wsveguide is that the shape of the laser can be made to
app roximate that of a fiber and hence direct fiber—waveguide coupling is possible. In direct end coupling,
accurate position ing of the fiber with respect to the waveguide is important. We propose to use channels
preferentially etched into Si for housing fibers. The three walls of the channe l are formed by a set of
crystalline planes (Tsang , W. T., et al., 1975). Therefore, once the channel opening and the fiber diameter
are chosen, the position of the fiber in the channel is accurately determined and can be held fixed by epoxy .
This arrangement is simple and accurate. In Fig. 16, we show schematically the arrangement for a multi—
channel system by making a linear array of such channels with fibers individually coupled to lasers in a
separate linear array . In principle , if the geometry and dimensions of the lasers and the fibers in the
array are properly designed and chosen the alignment procedure should be simple and the laser—fiber coupling
assembly could be compact in size even in a multi—channe l system. We are presently investigating suitable
macna of providi ng adequate isolation between the lasers.

6. ICLUSION

We have analyzed the operation of the DBR injection laser and compared the theory with experi ment. We
have shown that with improved design, it should be possible for a DBR laser to operate in a single mode with
sufficient power. A co~~~n waveguiding structure using separate optical and carrier confinement is proposed
for lntegrsti on of the las er into an optical circuit. Various optical devices which could be built onto
the common waveguide are suggested . A simple sche.s f or direct laser—fiber coupling is also proposed. The
proposed laser integration and fiber coupling schemes should be practicable and actual implementation of
the schemes is being studied and pursued.
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MULTINODE OPTICAL SYSTEMS-POWER COUPLING BETWEEN WAVE GUIDES.
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and 0. Parriaux,
Depar tmen t of Electronic and Electrical
Engineering,
University College London,
Torrington Place , London W.C.l.
England.

SIJIMARY

Theoretical and experimental results are presented for multimode optical waveguide intersections
fabricated by an ion—exchange technique. A simple ray theory is used to derive the power division and
mode conversion, both of which are influenced greatly by the geometry in the intersection region.

1 INTRODUCTION

Although there have been rap id advances made during the last few years in the f i e ld  of integrated
optics , the problem of providing efficient coupling between an integrated optical circuit and a fibre
still remains largely unsolved. Integrated optics is based almos t exc lusive ly on single mode
interactions and its full potential can be reali sed only in conjunction with single mode optical fibre
systeme . However, for various reasons , interest and effort have been concentrated recently on multimode
fibre systems and this has created a deman d for new , compact , optical components which can be used to
interface the fibre. It is interesting therefore to conside r the feasibility of some form of multimode
integrated optics.

Certainly the variety of interactions and devices will be severely restricted, Simp le functions
such as power splitting ahould not be too di f f icul t  to achieve but more sophisti cated fun ctions such
as switching and modulation may be possible only at the expense of reduce d performance. The inultiaode
nature of the problem points strongly to inevitable compromise solutions involving the trading of one
performance parameter against another.

The purpose of this paper is to examine the properties of a simple multimode waveguide intersection,
fabricated by planar techniques, which night have application as a power splitter/coupler or as a non—
coupling waveguide ‘crossover’ in a multiisode communication system.

1.1 BASIC ARRAN (~~MEN T.

The basic arrangement is shown in Fig. Ia. Two wide multimode dielectric waveguides intersect at
angle 0. Optical power introduced into arm 1 is transmitted to arms 2 and 4. The proportion of power
coupled to arm 4 depends upon the angle e and the incident mode content in arm 1.

2. THEORY

A simple ray analysis is used to determine the effect of single—mode excitation in arm 1. Each
mode in arm I is associated with rays oriented at ±0 to the a—axis in the xz plane. For the present
case of a highly overmoded guide, we assuse a continoua distribution for a between zero and a,~, the
critical angle. Diffraction effects within the junction are neglected , as are the phase of the rays. The
result for multimode exci tation can be ob tained by summation.

Rays leave the aperture AS at angles to to the s—axis. A f rac t ion  P 1 Lopinge direct ly on the
aperture BC, enter arm 4 with their ray angle reduced to 8—a and are given by

p1 — tan a/2sine 0 < a < 8/ 2  

1

— sin (e—a)/2.inecosa ‘1/2 < a C 0 5

A fraction of the rays leaving AZ impinge directly on the aperture Al) and are reflected by the
surface DE into arm 4 with their ray angle increased to e+a . This fraction P2 reaches its maximum
when a~~~, where

tan (°a~~
) — 2 + tam e tan e/f (1)

and is zero when a~~~ , where

tan (a0 +0 )— 2 s i n o

Thus

p2 -ta~~m/2 smn 0

tan ~ f 2 sin e — tan (e.n) ‘1 (4~
— 

~~inI I. tan (e+~) — tan e -J m
m 

C C % J
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The total power P4 coupled to arm 4 is given by P1 + P2 ; the total power in arm 2 is simply
— i—P4 , For small 8, P4 becomes

P 4 0/O O < a < e / 2  (5’)
* I—ale 8/ 2  < a < 0 5

The results for P2 and P 4, for small 8 are plotted in Fig. 2a and this shows that a maximum
coupling of 501 occurs when the mode angle o 0/2. It is interesting to examine the mode content of
powers P 2 and P 4 and to divide P into components having a particular mode angle a, e.g. P~ Fig. 2b
shows that the power transmitted to arm 2 is unchanged in mode, whereas the coupled power P4 contains
equal fractions of power wh ich have been ‘upconverted’ and ‘downconverted’ to modes determined by the
angles 8+a and 0—~ respectively.

Radiation, which can occur when the mode angle in arm 1 exceeds a — 9 can be taken into account
when computing theoreti-al curves , by using the approptiace Fresnel rehection coefficients. For
example, light coupled to arm 2 via the surface 0€ may suffer two lossy reflections. The length 0€
is given by

length 0€ — W (l/tano—1/tan (0+a)) (‘)

The results shown in Fig. 2. are based on the assumption that the critical angle a~ is nowwhere
exceeded .

The am ple analysis presented above applies within the range OCaCO . For a>0 multiple reflections
lead to more complicated expressions . However, numerical results are available for all values of a.

Reduction of cross sectional area in multimode guides can lead to unwanted radiation. The overall
effective width of the structure shown in Fig. I. is 2W except in the region of intersection where it
falls to W. Certainly radiation does occur from the length 0€ (Wilson, M.G.F. et al, 1976) and in an
attempt to obviate this one might consider modified geometries. Several modifications have been
examined but here we will discuss only one.

Consider the intersection shown in Fig.3. Using a similar analysis to that described above we
find that the powers P2 and P4 are as shown in Pig. 4a. The peak coupling hae been increased to 100%
and shifted to a 0 .  A breakdown of the mode content , shown in Fig. 4b. shows a more complicated
dependence of mode conversion on input :ay angles.

3. FABRICATION

Devices have been fabricated by an ion exchange process (Ciallorenzi , T.G. et al 1973). Briefly,
monovalent sodium ions present in the glass substrate as the metallic oxide, are thermally dissociated
from the oxygen and diffuse through the glass into a melt of a metallic salt. The melt conSists of  a
ther~a1ly dissociated salt, AgNO3 in our experiments, maintained at a few hu ndred degrees cen t igrade ,
the temperature being suff ic ient ly  hi gh to cause thermal diffusion of the monovalent ion Ag ” into the
glass where it replaces the out—diffused Na” ion. The larger mass and higher polarisabili ty of the
silver ion increase the refractive index of the glass.

The depth profile of the dopant ion concentration below the substrate surface, is controlled by
the immersion t ime and melt temperature. The total number of guided depth—modes produced in a thin
f i lm  wavegu ide is dependent only on the maximum temperature that the glass can toler ate wi thout
sur face damage ( 250° C) and the immersion time (see Fig. 5 ) .  The refracti ve index depth profile has
the form of a ha lf Gaussian / Complementary Error function.

In order to fabricate defined stripe vaveguides, the substrate surface was masked with an alumi nium
f i lm.  The stripe pattern was exp osed by photolithography and chemical etching of the a luminium f i lm
to allow the melt to contact the glass in the desired area. The total number of depth modes in the
stripe waveguid a depends only on the lifetime of the aluminium mask in the corrosive emIt (see Fig. 6).

4. EXPERIWNTAL

4 .1 PRELIMINARY RESULTS

Extensive tests were made on intersections of 30 micron wide strip guides of the type shown in P ig.1.

Fabrication we. effected by i~~~raion of a microscope slide (refractive index 1.5 124) , suitably
masked with an aluminium film approximately 1 um thick, into a melt of silver nitrate held at 2500 t
for a period of 30 mm . Th. surface refractive inde x of the guiding layer was measured as 1.593 at
th e helium—neon wave length of 0.63 ~m. The equivalent—s lab—waveguide thickness measured by the pris m—
coupler technique was 1.8-2.1 urn; the same measurements gave the effective refractive indices for the
three modes as (g/k) — 1.5930, (8/k) — 1.5815 , (b/k) — 1.5725. These value. were used , when
a a0 — e, to d.terl~Re the Fresnel reT~~ction coefficianhl2in the modified theory mentioned above.

helium—neon laser light at A — 0.63 um was injected into one of the three depth .odss via a prism
(refractive index 1.7) placed ove r arm I , and a focusing lens , the latter being necessary to restrict
the coupling to a single arm . The laser beam wa, further oriented in the xz plans so that most power
was launched into a particular transverse mode with angl. a. The intensity of the light scattered fro. 4
the eavegu ide arms was assumed to be proportional to the waveguide power and was determined by two
methods. In the first, the scattered light from both output guides was scanned by a photodiode, with
a limited aper ture of 200 rn , at a dl.tance l.3 from th. centre of the junction; these precautions
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being necessary to avoid detecting scattered ligh t from the intersection . In the second method, a
photographic exposure was taken and subsequen tly analysed using a photodensitometer.

Examination of the photographic exposures showed intense sca t tering in arm 3 along the surface 0€,
the length of the bright line agreeing very well wi th the theoretical value given by eqn. 6. The
attenu a tion in arm 4 was considerably greater than in arm 1 , since some of the coupled power in arm 4
has been shifted into a high er—order mode with angle 8 +a.

The measured variation of power in arms 2 and 4 with angle a was compared with theory and found to be
in excellent agreement , due allowance being made for the normal scattering loss of the stripe waveguides.
Measurements were made for intersection angles 0 — 4 , 6 , 8 and 120 .

For one particular case with 8 — 60 an d a * 30 the loss of the intersection region was estimated to
be less than 2.4dB, this being due largely to the scattering from the length DE,(Wilson ,14.C.P.et al ,1976).

4.2. RECENT RESULTS

An extensive programme of measurements is being carried out on a wide variety of intersections having
X. Y or modified X, Y geometries. One objec t of this programme is to determine the dependence of coupling
and mode conversion on the intersection geometry . As was shown in Fig. 2 and 4, si gnificant changes can
be effected by relatively small changes in geometry.

Whereas the preliminary experimental work was concerned with shallow waveguides supporting only 3
depth modes, the present programme is concerned with deep guides supporting 30 to 40 depth modes (see Fig
7.) The measured critical angle for wid th and dep th modes is ac — 15°. A multimode fibre (NA — 0.13)
butt—jointed to the polished end face of the stripe guide , excites all modes having ray angles within the
range o< a < 50 ; the stripe waveguides are therefore not completely ‘filled’ .

Measure d waveg uide losses of approximately 1dB/cm are due largely to scattering at the glass/air
interface . This loss could be much reduced by suitably cladding the waveguide .

Experimental results for X and modified X intersections are shown in Fig. 8. The intersection loss
was too small to be resolve d in our experiments but was estimated to be a small faction of a dB.

For large 8 the coupling is small and the device operates primarily as a waveguide ‘cross—ove r ’
having an unwanted cross coupling of less than — 30dB. (This figure being limited in the present
experiments by the dynamic range ‘f the measuring apparatus).

Similar measurements have been made on Y intersections of the type shown in Fig. 9. Here the
coupling is de termined by (a) th~ angle 8, (b) the width ratio W3/W2 and (c) the depth of the side armrelatiw to the depth of the main arm. Results for equi—depth intersections having W2 — 100 micron ,

35 micron , supporting 30 to 40 depth modes , are shown in Fig. 10. When excited at port 1, the
intersection loss was again estimated to be a small fraction of a dB.

The simple theory described in Section 2 can be modified to treat the case of deep waveguides .
Assuming uniform distribution of power with angle a for width and depth modes , the total coupling can be
obtained by in tegra tion over all a. The result for the Y intersection is shown in Fig. 10. For the X
intersection at 8 — 900, the theoretical radiation loss can be shown to be — 10 log (l~4am/3a) dBwhere o < a C 

~~ 
Thus in the present experiments am — 50 and a loss of 0.16 dB is predicted.

Little attention has yet been directed to the input and output butt joints. It is expected that
low loss joints could be fabr ica ted to suitab ly profiled strip waveguides.

5. 00NCLUSIONS

The X in tersection has possible app lication in multimode communication systems as (a) a power divider
and (b) a non—coupling waveguide cross—over. The power division is accompanied by mode conversion which
might cause difficulties if several devices were operated in series and if the full range of angle a was
used. in a single device the performance is determined by the geometry and by the input mode
distribution . For fully excited guides the intersection loss can be minimised by appropriate choice of
geometry.

The Y intersection could be used in fibre data—highway systems as an access coupler. The coupling is
again determined by the geometry and the input mode distribution (in co,~~ n with other access couplers)
the geometry can be reliably reproduced by conventional photo lithographic techniques. The intersection
loss is very low, a small fraction of a dB , and the waveguide loss, at present 1dB/cm , could be much
reduced by eliminating the waveguide—air interface and introducing a cladding layer.
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Pig. 1 Plan of simple planar waveguide intersection.
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Fig. 3 Plan of modified planar waveguide intersection.
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Fig. 4 Variation of output power from modified intersection of type shown in Fig. 3 when excited
~~~‘ V at input 1 by unit power at mode angle a.
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Fig. 7 Rafractive—index profile of an ion exchange, (Na:Ag) thin film waveguide supporting 29
modes at A — 0.6 micron.
(Data supplied by M . Johnson U . C . L . )
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LASER-FIBER COUPLING WITH OPTICAL TRANSITION STRUCT URES

by

Gordon L. Mitchell
Department of Electrical Engineering

and

William D. Scott
Department of Mining, Metal lurgical, and Ceramic Engineering

University of Washington
Seattle, Washington 98195

ABSTRACT

An optical transition fiber is used to couple between a diode laser and a single-mode fiber.
Coupling optimization is detailed In terms of fiber size and refractive index. Fabrication techniques and
material-selecting parameters for rectangular fibers used to make the transitions are discussed.

1. INTRODUCTION

Optical components which can be cleaved or cleanly cut are generally well-suited to coupling by
butt joints; examples of this sort are glass fibers, semiconductor lasers, and integrated optic components
on some crystalline substrates. The loss in butt-joining is in general due to geometrical mismatches.
The example of heterojunction laser to circular fiber coupling (illustrated in Figure 1) is inefficient
use of butt-joining that can be improved by a geometrical transition between the laser and fiber core.
The transition in this case is actually an optical “funnel ” which has a rectangular cross section matching
the laser active area on one end and a round cross section on the other end.

The transition structure shown in Figure 2 has been formed from a drawn ,~ectangular fiber. The
core end cross sections match typical semiconductor laser and single-mode fiber geometries with a transi-
tion length of several millimeters. Experimental data indicate coupl ing greater than 35 percent between
the butt joint between a double heterostructure laser and the rounded end of a transition fiber. This
(unoptlmized) transition coupling efficiency Is about five times better than the maximum efficiency obtain-
able by the direct laser-fiber butt-joining arrangement. Transitions must couple efficiently to conven-
tional round fiber, as wel l as to the diode laser. Simultaneous optimization of both the laser-transition
and transition-round fiber connections is required, however. The maximum overall transition coupling ef-
ficiency to single-mode fibers obtained to date has been only 3.5 percent. Improvement of this result
involves a careful analysis of the coupling problem in terms of optical field matching at both ends of the
transition. Analytical work, presented later in th is pa per, indicates that total coupl ing efficiency from
the laser to a single-mode round fiber through a transition can be expected to be about 50 percent.

2. COUPLING OPTIMIZATION

The key to efficient coupling between laser and transition and between transition and fiber is
matching optical fields. This can be done in the laser—transition case by measuring the near field light
intensity distribution for the laser and varying wavegulde thickness and numerical aperture to maximize
the light-elgenfunction overlap integral. It should be noted that numerical aperture is used only to in-
fer relative fiber indices; for near field coupling situations, a conventional analysis of source diver-
gence angles does not give very useful results.

Laser near field intensity measurements were obtained with the setup shown in Figure 3. A micro-
scope focused onto the laser output facet projects a magnified Image of the laser on a masked detector.
As the galvanometer-driven mirror moves , the detector responds to different portions of the image. Within
the limitations of the optical system, the near field intensity distribution can be accurately plotted.
For system adjustments the x-y plotter Is replaced with an oscilloscope and scanner speed increased. Typi-
cal scans across the active region of the RCA room—temperature CW laser are shown in Figure 4. Since these V

data were found to fit a Gauss ian function well (Figure 5), subsequent computations were based on the Gaus-
sian rather than raw data.

Transition eigenfunctions were calculated from th. three—layer sysmietric waveguide characteristic
equations for the geometry shown in Figure 6.
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When these fields are fitted to laser output measurements, coupling efficiency can be calculated.

Figure 7 indicates the match for two transition eigenfunctions with calculated coupling efficiency
for each. As one might imagine, the best match between laser and transition fiber is obtained when normal-

V V ized f ie ld curves coincide. One measure used (Smith , R. B . ,  1975) to evaluate the match between these
similarly shaped field functions is the width, a, of each. When the transition a is equal to the laser a,
coupling efficiency is highest. The opt ical width of the transition decreases as t~, decreases, until the
guided mode approaches cutoff. At this point the optical width increases (to a • •‘when t +0). This
behavior is shown in Figure 8. If the a-width for the laser is the dashed line , coupling ~fficiency wouldbe expected to peak where transition optical width Is near this line. Comparing thickness values between
Figure 8 and Figure 9, a plot of efficiency indicates that this is true.

One conclu s ion that can be drawn from Figures 8 and 9 is that, so long as some minimum NA is main-
tamed, efficient coupling between the laser and fiber are possible. Because it Is also necessary to ef-
ficiently couple the round end of the transition fiber to a conventional single-mode fiber, another factor
affects the choice of NA, however. If a 1 x 15 um rectangular transition is rounded without changing cross
section, it produces a five um core diameter. In order to be a single-mode guide, this fiber must satisfy

_ _ _ _ _ _ _ _ _ _  - ____________--- ---
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or 

N.A. (n~ - n2)½ 0.13

for

• 0.83 um

If this end can be coupled to a single-mod e fiber with 80 percent efficiency and if the loss within the
transition is one dB, the maximu m overall coupl ing efficiency from the laser to the fiber can be as high
as 50 percent.

3. FABRICATION TECHNIQUES

The fabrication of the transition (Matsumoto , R. 1. IC, 1975) is a four-step process: 1) drawing
the rectangular core preform; 2) making the core-clad preform; 3) drawing the clad rectangular ribbon; and
4) forming the rounded end of the transition device. The formation of clad rectangular fiber relies on the
fact that the aspec t ratio of the preform is retained during drawing into a ribbon, while the cross-section
dimensions are reduced by factors of 20 to 100. The round end of the transition structure is produced by
localized heating and rounding by surface tension forces. The transition structures are quite short (typi-
cal ly one cm), so absorption losses in the transition structures are not critical . This means that any
good quality optical glasses with appropriate indicies and fairly close softening points and thermal expan-
sion coefficients may be used.

For initial work, Corning 7740 was used for the cladding material and Corning 7059, for the core .
The properties of these glasses are given in Table I. There are several other families of optical glasses
available from corenercial suppliers which have thermal properties appropriate for transition fabrication.
(See Table II.) The optical criteria for selection were developed in the previous section.

The core preform was a 26 x 213 urn ribbon drawn on a fiber-pulling machine from a polished plate
0.5 me thick and 25 em wide . One draw produced several hundred meters of core preform. A ten cm length
of this ribbon was placed0between two stri ps of cladding glass 0.8 me thic~ by 25 m wide, and the preformsandwich was fused at 780 C in a furnace which was heated and cooled at 14 C/mm . The final clad rectangu-
lar waveguid8 was then drawn from this preform in a vertical fiber—drawing apparatus with a resistance fur-
nace at 1100 C. Two or three hundred meters of rectangular waveguide can be made in one draw from a pre-
form. Maintenance of the rectangular cross section during drawing depends on the temperature of the drawing
furnace. Fi gure 10 shows the effect of drawing temperature on waveguide cross section.

The transition is formed by localized heating in the center of a ten to 20 cm piece of rectangular
wavegulde . Several successful rounding techniques were utilized , ranging from horizontal support and heat-
ing with a wooden match to vertical suspension and a platinum heating coil. The vertical system has an
advantage, in that the cross section of the round end could be reduced by slight elongation. Figure 11
shows typical small core transition structures.

It was found that the rounding process was controlled by the cladding (Dalgoutte, 0. G., 1975).
In order to produce round cores, the aspect ratio (width/thickness) of the rectangular core should be one
to two times the aspect ratio of the cladding. In one core in which the rectangular core was relatively
large (8 x 68 um), the flow during rounding produced an irregular core cross section , as shown in Figure 12.
The flow process during rounding and the shape of the transition core are currently being investigated.

~ ASUREMENTS

The first transitio.is evaluated were made from Corning 7059 and 7740 glasses. Since this contina-
tion has a relatively high NA of 0.42, the best coupling can be obtained with a guide thickness of 3.0 urn,
as shown in Figure 9. For transitions which had two to three dB internal losses, the best coupling effi-
ciency obtained for diode laser light coupled through a rectangular-to-round transition was -4.6 dB (35
percent). Unfortunately, for reasonable core cross sections the 7059/7740 glass fiber is multimode, and,
as a consequence, it does not couple wel l to single-mode fibers. Measured loss for this laser-transition-
single-mode fiber coutination is 14 dB (3.5 percent).

Improved transitions have been made from a family of Schott glasses with nearly identical thermal
and mechanical properties (Table II). These glasses allow selection of a wide range of fiber NA and should
prove to be much more efficient than previously evaluated transitions .
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Corning 7040 Corning 7059
(cladding) (core)

Barium-Alumino-
Boros i l icate Boros i l ic~~

Index of Refraction 1 .474 1.530

Coefficient of Thermal Expansion 35 x lO~ °C
1 

46 x lO~~ °C

Anneal Point 560°C 635°C

Softening Point 821°C 842°C

Working Point 1252°C 11600C

Table I. Properties of Glasses Used to Make Transitions

# # # # , # # # # #

Ex pans ion Glass
Schott Index Coef~icien~ Transftlc.,

Glass Type at -30 C/ +7O C Temperature

SK1 1.61025 61/71 x l0
7
/~C 650°C

2 1.60738 60/70 654

6 1.61375 62/72 648
8 1.61117 60/70 638

9 1.61405 60/70 641

11 1.56384 65/76 610

12 1.58313 64/75 633

13 1.59181 68/79 620

SSK2 1.62230 62/71 636

3 — 1.61484 66/76 615

4 1.61765 61/71 639

SSKN5 1.65844 68/79 641

Tab le II . Optica l Glasses

Parameters of interest to fiber designers are listed. This table illustrates the
range of refractive index available from glasses having matched mechanical and
thermal properties.
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Fig. I The rectangular output aperture of a typical double heterostructure laser is poorly matched to the
core of a single mode fiber. Coupling between a laser and a fiber can be improved by a transition

structure of ‘optical funnel” shown in the lower drawing 

-

Fig. 2 Tran sitIon shown beside a 1/4 watt resiator. The large end of the transition has a rectangular
(core and cladding) cross section whereas the small end is circular. This transition was formed by - -

~. 
-
~

drawing a rectangular preform into a tibet and then rounding the fiber
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Fig.3 Apparatus used for recording laser near field intensity
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Fig.4 Measured near field Intensity for a RCA double heterostructure laser
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Fig.5 Gaussian fit to data from the upper curve shown in Figure 4. The Gaussian function is used
to simplify calculations involving intensity profile data

clad y

Fig.6 Transition structure presuming infinite thickness clad. For coupling analysis, field variation
in the y.direction are not considered
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Fig.8 Lowest order guided mode width as a function of waveguide thickness t3. As t2 decreases,
the guided mode begins to widen as the guide approaches cutoff. For a given laser e.g. a = 0.66 ~im

best coupling efficiency is expected when the guided mode width approaches the laser width
Several values of numerical aperture (NA) are shown
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Fig. 10 Drawn rectangular fiber cross sections illustrating the effect of furnace temperature variations.
From top to bottom low , correct , high temperature
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Fig. II Views of (a) rectangular end and (b) the rounded end of a transition fiber. The rounding is a
result of surface tension and flow forces in a locally heated region of a rectangular cross section fiber
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Fig. 1 2 Improperl y formed core in the rounded end of a transition fiber
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An Integrated Optica’ Analog—to—Digital Converter

By

D. C. Lewis, Office of Naval Research, Arlington , VA 22217
H. F. Taylor , Naval Electronics Laboratory Center , San Diego , CA 92152

SUMMARY

The purpose of this paper is to analyze an electrooptic A/D converter which
promises high speed and is capable of being integrated on one chip. The
proposed device utilizes an array of optical branching ~mv.guide modulator
channels f~ cated in a linear electrooptic material. In each channel , light
from an appropriate laser source is coupled into a single mode waveguide. The
waveguide branches into two parts , in which the light is phase modulated by
the input analog voltage signal. Light from the two branches is brought
together into another section of single—mode wavegulde. The output of this
waveguide is detected , and the detector output passed through an electronic
analog comparator. The output of the comparator represents one bit in the
digital representation of the input signal. Electrode lengths for the
m~du1ator channels in an N—bit converter are chosen in the ratio
2 , fl 0 , 1, . . . ,  N— i.

It is possible to apply a static (do) bias voltage to each of the channels
to implement various digital coding schemes. The use of a Gray scale for the
device output, for example , would eliminate ambiguities which can arise in
other binary codes in which two or more bits can change in value
simultaneously.

The optical A/D converter would require only N comparators (vs. 2~
I for an

electronic parallel converter), and each comparator would operate with the
same signal level . Furthermore , the use of a repetitively pulsed laser source
would provide a “sampling window” to eliminate the need for an electronic
sample—hold , or at least relax the drift tolerance for such a device.

The electronic comparator is a l imit ing factor in determining the speed
with which the device could operate. Present ccmaercial comparators are
limited to about ltOO MHz , but considerable improvement using newer , fast logic
can be anticipated. The nuaber of bits of precision is limited by
noise—in—signal at the photodetector and comparator overdrive requirements.

The high speed and low power requirements of the proposed A/D converter
make It attractive for many military applications includ ing high resolution
radar and wideband receivers. Hence, the development of integrated optical
signal processing components such as the A/D converter could have a
significant impact on the capability of future military systems.

INTRODUCTION

Analog—to—digital (A I D )  converters (Hoesohele , D. F., 1968;
Sheingold , D. H., and Ferrero, R. A., 1972) are widely used to translate
sensor measurements into the digital language of computing , information
processing, and control systems . In some instances , the performance of
military equipment is limited by the speed with which present A/D converters
can function. Guided—wave eleotrooptic devices provide an alternative to
conventional techniques, with the potential for high-speed operation (Wright,
S. et . al . l97~l ; Taylor , H. F., 1975). This paper analyzes an electrooptic
technique for AID conversion based on an interfero,setrio intensity modulator,
and indicates the advantages in comparison with present or alternative
methods. Potential military applications are also discussed .

DEVICE DESCRIPTI ON AND ANALYSIS

The basic circuit of the electrooptic A/D converter is shown in Fig. 1.
The circui t consists of a branching waveguide interfercmetrio modulator, a
laser , a photodetector , and an electronic comparator. The A/D converter makes
use of the fact that the output of the optical intensity modulator, the
operation of which is based on a linear sleotrooptic phase retardation
(Kaminow , I. P. ,  1975), varies in a periodic fashion as a function of an
applied voltage. Similarly, each bit in the binary representation of an
analog quantity is a periodic function of the value of tha t quantity.

A schematic diagram of the A/D converter is given in Fig. 2. Basically, it
consists of an array of circuits, suoh as tha t shown in Fig. 1, in which the
length of the electrodes on each modulator is tailored such that a binary code
is generated as the applied analog voltage varies. The waveguide modulators
(Martin, W. K., 1975; O~aaohi, Y. and Noda J., 1975) are fabricated in a
single crystal substrate of a linear (Pookels) electrooptic materiil. Each
wmvegu ide, which can support one guided mode , is excited by linearly polarized
light f rom a CII laser . A signal voltage V is applied across each waveguide.
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The .leotrooptio interaotion length I. for the n’th weveguid., as determined
by the length of the signal el.otrodJ, is given by

Ln : 2~
’
~~L1, n 1 , 2, 3,...

The phase of the light in one branch is retarded with respect to the other
branch by an amount Ar~ given by

~

The va lue of the constant K is determined by the eleotrooptic coefficients of
the material , the waveguide parameters , and the electrode spacing . The
intensity of light emerging from the nth waveguide modulator is given by

An ooe2~ f/2 + (1)

where~~~ is a static phase shift and An is the modulation amplitude.

The light emerging from each of the modulators is detected and amplified ,
and a binary representation of V i~ obtained by electronically comparing the
intensity I with a threshold I • and generating a “one” or “zero” for
the n’th bt~ based on the outco~~ of the comparison. For example, an offset
binary code for a bipolar signal is obtained if r ~ ~/U for each n by
generating a “one” for the first bit it > 1~ ~nd a “one” for the n ’th
bit , for the n’th bit, n 2 , 3,... if I~ ~ I The required values for
the y ‘s are obtained by applying a do voitag~ V,~, to a short section of
wavegUide in each modulator . The intensity I alill the corresponding offset
binary code are plotted as a function of V in~?ig. 3 for a device with 3—bit
precision. It is evident from Fig. 3 that , as V changes , it is possible for
two or even al l three bits to change in value simultaneously. Significant
errors th the conversion are moat likely to occur for values of V near these
intensity crossover points. (~ e way to avoid this problem is to use a Gray
scale instead of a pure binary code. Th. only change from the offset binary
device is in values for the static phase shifts ( g~ ‘a). Variations in the
intensity components I for a four—bit Gray—scale c&werter are illustrated
in Fig. I~ Since the Vaiue of only one bit changes for small variations in V ,
the probability of error in one of the most significant bits is greatly
reduced. Furthermore , in a device of given length , one more bit of precision
can be obtined with the Gray code than with the offset binary code.

The number of bits of precision, N, which can be obtained with a Gray code
is related to the length of the waveguides according to

N log2(I/ l~ ) • 2 , (2)

where In is the •iniaua length required for a pi—rad ian electrooptic phase
retardation. The formula

relates I w t O  the electrode spacing d , the half-wave voltage V of the material
and ~he maximum applied voltage V . (It is assumed that V varies between .
V .) The factor of 2 in tha t equltion arises from the fact that V is
$pli.d to both branches of the modula tor structure . As a numerical example,
the elec trooptto material is assumed to be LiNbO , oriented with the c—axis
in the device plane and perpendicular to the wav~guide axes (sea Fig . 1) . The
value of V in tha t material using the r21 coeff icient, is 2000 V at 6328 A
for an applied field parallel to the c—~tis and propagation perpendicular totha t axis. If V z ~.7 volts and d 5 urn , corresponding to an average
field strength 0P 9600 V/cm between the electrodes , the value for f ,~ isestimated from (3) to be 1.08 ma. According to (2) the length of a 6—bit A/D
converter with these parameters is 1.7 cm.

The electrical power required to drive the modulator is an important
parameter of the device . This can be calculated from the formula

(I,)

where B is the modulation bandwidth and C is the electrode capacitance. If
the widths of th. electrodes and the spacing between them are of equa l
magnitude , the capacitance is approximately given by

C ~ (t o c c )  L.

where L is the total electrode length , in this case given by

L s 2 E L n
0.1
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But L~ 2n—N 
~~, where I is the total length of the interferometrtc

sections of the modulators , so evaluating the sum yields

But = 8.9 X lO~~~ f/cm , and , in lithium niobate, —.40 ,,, so
if I n  1.7 cm , then

25 pf

For a signal bandwidth of 500 MHz (corresponding to a Nyquist sampling rate of
1 GHz) the power calculated from these equations , assuming Vm = 14.7, is
500 aN.

In terms of overall power dissipation , the optical device offers a
substantial improvement over conventional AID converters, primarily because of
the reduction in prime power required to drive the comparators. For
conversion at a 1—Gb/s sampling rate, it is estimated that the power
dissipation is of the order of 0.5 V per comparator. The 614 comparators in an
electronic parallel A/D would therefore dissipate 32 watts, versus only
3 watts for the optical device. Assuming 0.3 watt for a laser source,
0.5 watt for the electro—optic portion of the device , and 0.6 wat t  each for the
6 photodetector/amplifiers raises the total to only 7.5 watts  for the optical
device.

A limiting factor in implementing fast A/D converters, either electronic or
electrooptic , is the speed of the analog ccmp~rator. Present ccmaercial
devices operate at a rate of lass than 14 x 10 comparisons per second,
although continuing improvements in high—speed logic devices encourage us to
anticipate faster comparators in the near future. Ultimately, the best
solution might be to integrate the comparator by fabricating it in the form of
an integrated optical logic device on the same electro—optic substrate as the
weveguide modulators.

ALTERNATIVE TECHNIQUES FOR A/D CONVERSION

The most coemon method for performing high—speed ( > 25 megawords/second)
A/D conversion is to compare the input voltage V with reference voltages which
correspond to different levels in the digital representation of V. This is
referred to as the “parallel” method , since all the comparisons are done
simultaneously. A three—bit parallel converter is illustrated in Fig. 5. The
reference voltages, which are set by a resistor chain, are each supplied as an
input to an analog comparator. The input voltage is supplied through a second
resistor chain as the other input to each comparator. The high speed results
from the fact that all o~ the comparisons are done in parallel, but a large
number of comparators (2 —l for an N—bit converter) are needed to accomplish
this. Furthermore, electronic logic elements are required to convert the
comparator outputs to a binary representation of V.

Open—loop successive approximation is a technique for “pipelining” the
conversion process by computing the most significant bits first and
determining the reference voltage for each subsequent bit from the comparator
outputs for previously computed bits. A time delay is required to allow for
the computation of  the most significant bits before V is applied to the
comparators which compute less significant bits. Only N comparators are
required with this method , but the synchronization problems are more severe
and the time delay between input and output is considerably greater than with
the completely parallel approach.

The fas~est devices which are cosmercially available at the present time
perform 10 conversions/second with 6—8 bits of precision (Ri el , A. N.,
1975). A device markete~ by TRW utilizes two interleaved converters, each of’
which operates at 5 x 10 conversions/second and utilizes both parallel and
serial logic with SCL comparators. Ai~o, Biomatton and Phoenix supply
converters with conversion rates of 10 words/see; both use parallel
conversion schemes. The Bioaation device uses TTL comparators while the
Phoenix device employs ECL. Aeroflex has developed an 800 MW /sec 6 bit A/D
converter. The Aerofiex system uses an interleaved parallel conversion scheme
and WI. logic; the system requires roughly 800 watts ol prime power.

Several companies ~av. proposed or are developing devices with conversionra tes in excess of 10 /second . Parallel and successive—approximation
schemes using ECL comparators are among the ost oomaon approaches. TRW is
scheduled to deliver a developmental 5—bit, ~lO0— egaword/second (Mw/si device
to an Air Force sponsor in the near future . A novel technique in which the
applied voltage V deflects an electron beam in an electron—bombarded
simiconductor device is being pursued by the Watkins—Johnso n Company. An
el.ctro.-optio device which uses a phase grating to deflect a guided light beam
has been demonstrated at University College , London (Wrigh t, S. •t. al ,
197~). That device ii capable of operating at high speeds , but is inherently
limited to only 3 bits of precision. NRL (Giallorensi , V . 0.. 1976) has
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proposed an attractive eleotrooptic A/fl conversion circuit which should be
capable of high speed at low powers; however, it will be difficult to
integrate that circuit onto one chip. Another novel approach to A/D
conversion would utilize superconducting Josephson—junction arrays.

C~~PARIS0N OF EL.ECTRO-OPTIC AID CONVERTER WITH PRESENT TECHN IQUES

The •leotro—optio A/D converter can potentially provide several advantages
in comparison with conventional fast parallel AID converterR . First, the
number of comparators would be dramatically reduced, from 2 to N , for an
N—bit converter (e .g . ,  from 614 to 6 for a 6—bit converter). This would
substant ially reduc, th. electrical power drain of the unit (— 200mw each for
cc ercial 200-MHz WI. comparators) and would greatly simplify the timing
problems which occur in electronic converters because of the large number of
comparators.

Another advantage of the optical device is tha t the use of a repetitively
pulsed (mode looked) laser source could eliminate the need for a
sample—and—hold device . The function of a sample—and—hold in an AID converter
is to sample the signal at fixed time intervals and maintain the value of the
sampled signa l during the ti.. a conversion takes place. The output of the
sample-and—hold is the voltage input to the device which actually ~grf ~rms the
conversion . The drift  of the sample-and—hold must be less than 2 +

times the full voltage swing to obtain
~~N

b
~~
s of precision , and the jitter in

the sampling clock must be less than 2 + times the conversion period;
e.g., 8 pa for a 1—gigaword/second (Gw/s), 6—bit converter. With a short
optical pulse, the width of the pulse would provide a time window for
performing a sampling operation. Techniques to provide mode locked pulse
widths as short as 5 ps using compact solid state lasers are being studied
(Hill, K. 0., et al, 1976; Teukada, T. and Tang, C. L., 1976; Washlo, K .
et al , 1976). It has been calculated tha t a 100 pa pulse width would be short
enough for a l-Oigaword/seoond , 6 bit converter and the pulse repetition
interval for these lasers should be stable enough to satisfy the requirements
indicated above. Additional work will be needed to perfect mode—locked lasers
suitable for use with the optical A/D converter.

A final feature of the optical A/D converter is that the output can be
recorded directly upon photographic film. This would make it possible to
collect , digitize , and make a permanent record of data at a very high rate.
The data could then be processed later at more convenient speeds.

A st ary of the critical characteristics of the eleotrooptic AID converter
is presented in Table 1.

TA BLE 1 HIGH-SPEED ELECTRO-OPTIC A/D CONVERT ER--SUMHARY

Present method: High—speed electronic logic

Elements of integrated optics device:

Array of modulators on eleotro—optic substrate
Injection laser source
Sample—and—hold interface
Avalanche photodiode detectors
Electronic comparators.

Potential advantages of integrated optics device :

Fewer ccmparators (N versus 2N)
No sample—and—hold with pulsed ligh t source
Lower electrical power dissipation
Optica l output can be recorded directly on film.

Disadvantage.:

Developmen t needed
Not cost competitive at low ( 25—Mw/a) conversion rates
Li.it.d to 8 bits of precision for parallel operation

• Performance—limiting factors:

Pre sent comparator. operate at 1400 MHz
Speed of avalanche photod iodes limited to— 1. GRi .

Potential performance:

• Near—term (1—3 years) 1400 megaword/seoond, 6 bits
Inte rm ediate term (3— 6 y are) 1 gigaword/seoond , 6—8 bits.

I
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Mwjor technology development needed:

Plujtiohannel modulator fabrication
Mode-looked lasers
Laser—modulator coupling techniques
Faster comparators

POTENT IAL A PP LICAT IONS

A number of mili tary systems have been identified as potential application
areas for an eleotrooptic A/D converter (Dullard , G. N . ,  et . ml . ,  1977) .
These are for the moot part systems in which signal processing performance is
li.ited by the speed of present electronic converters.

Signal processors for high~resolution radars (HR R ) with a bandwidth which
is typically of the order of 500 MHz, could make effective use of faster A/D
capability in several ways. The range resolution of real—time synthetic
aperture radars is inversely proportional to the conversion rate. An increase
in conversion rate from 100 MV/s to 500 MIl/s, for example , would improve range
resolution from about 3 meters to about 0.6 meters. Faster conversion rates
would make it possible to perform monopulse HRR imaging on a pulse—by-pulse
basis, rather than sampling a large number of successive pulses to reconstr’ot
a single return signal. Target classification would also be aided by the
improved resolution available to a digital processor. High-speed A/D’s would
also be useful as a means of discriminating true returns fro. those generated
by repeater jameers. A final HRR application would involve the use of the
optical AID in conjunction with a fiber delay line for pulse—to—pulse
integration as a means of clutter suppression. Such a radar processing
technique could be used , for example, for obstacle avoidance for high—speed
surface—effect ships.

Two examples of how high—speed A/D converters might be used in electronic
warfare (EN ) systems are illustrated in Fig. 6 and Fig. 7. The optical
analog-to—digital converter operating at gigaword/s rates combined with long
recirculating fiber optic delay—line memory loops can store broadband (300 to
500 MHz) signal data excerpts (1000 to 2000 microseconds) for indefinite
periods of time (see Fig. 6) .  This would provide the capability to analyze
repetitively a time slice of signal spectrum in an adaptive hypothesis testing
manner. Airborne systems could use this technique for fine—grain pulse
analysis and signature recognition.

An extension of the recirculating spectrum storage technique utilizing a
two—channel receiver (see Fig. 7.) could compute direction of arrival ( DOA ) on
spread—spectrum signals utilizing cross correlation or convolution to derive
time difference of arrival. This method has the advantage of substantial
signal—to—noise improvement (because of signal autocorrelatton) over
leading—edge gating and carrier—frequency independence , as well as
signal-to—noise improvement over interferometer techniques. The technique
would be useful primarily with signals above 500 MHz , with bandwidths in
excess of 100 MHz.

Another interesting application of the optical A/fl converter is in
intelligence data collection. In this case, it might prove expedient to
eliminate the photodetectors and subsequent electronics and to record the
optical output of the modulator chip directly on fast—moving film.

CONCLUSIONS

The electrooptic A/fl converter seems to offer several potential
improvements over present techniques: faster conversion rate, fewer
comparators, lower electrical power dissipation (i f  used with an injection
laser source), and the opportunity to record the output on photographic film.
Military application areas include signal processing for wideband radar and
electronic warfare systems.
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Fig. 2. Schematic diagram or a three—bit electrooptic A/D converter.
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Fig. 3. Variation of the intensities I of light emerging from the
waveguide modulators as a func~ion of the applied voltage V . which
can vary from + V . The offset binary representation of V is
obtained by compaPing Tn with a threshold level tnt~

Fig. 14. Intensity vs. voltage plot for a four—bit A/b converter with
Gray—scale output.
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THIN FILM INTEGRATED SIGNA L PROCESSORS
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SUMMARY

The realization of miniaturized optical analogic processors is expected to allow much higher
performances than the bulk counterparts. A two-dimensional optical system is sufficient for processing

one-dimensional signals, as for instance radar and cormnunicetion signals.

Many thin film integrated configurations can be realized with a su i table  assembly of ~nte~rated
lenses, modulators and detectors. This paper is concerned with the applicability of geodesic thin ful’
lenses to in tegrated convolvers and correlators . Two geodesic systems have been considered. The first one,

constituted by a perfect geodesic lens having planar input and output and F/number ~. 1.3. seems to be

par t icu l a r l y suitable to separate, wit h a good resolution , the beams diffracted by a modulator. Two beams
making an angle of 0.7 degrees have been resolved by a lens of 9 m focal length and 7 rmr aperture. The
second geodesic system is consituted by a hemispherical surface and it is the analog of the bulls double
diffraction processor. The aberrations of this system have been studied and numerical examples has,e been

carr ied out  to ver ify its Fourier transform capabilities. TNO and three-level transmission filters have
been considered in the numerical simulation of pattern recognition operations.

1. INTRODUCTION

The integrated optical technique can be applied to the realization of miniaturized optical
analog ic processors, as suggested by several authors because the two-dimensional processors should have
higher performances than their bulk counterparts. A two-dimensional optical system is sufficient for
processing one-dime~ sional signals, as for instance radar and communication signals.

In theory. integrated optical data processors can be achieved by extending to one-dimensional
optics t he  working principles of bulls optical systems . In integrated optics many configurations can be
realized with ~ suitable assembling of integrated lenses, modulators and detectors. Such elementary
components are among the most studied in the last few years and a variety of prototypes have been tested.
showing high performances ~nd in teresting properties.

This paper is concerned with a particular type of thin film lenses, the geodesic lenses, and
their applicability to integrated signal processors.

2. GEODESIC LENSES AND APPLICATIONS

A lens which has to be used in a processor must present higher performances then in conventional
uses~ the tolerated aberrations must be very small over a large field angle. Lenses produced as a variation
of the effective refractive index of the film (SI-UBERT . R. at al., 1968j ULRICH, P. at al., 1971) suffer
from non-negligihle spherical aberrations, and mode conversion occurs at the boundary of the lens . In
addition they have small focusing power .

A different method can be used to produce high-quality thin film lenses by taking advantage of
the two -cii’mensional geometry of a waveguide . The third dimension is used for obtaining the path-length
d ifferences required for a perfect focusing . These lenses are the so-called geodesic lenses which were
studied many years ago for application in microwave scanning antennas and which we introduced in two-
-dimensional optics (RIGHINI, G.C. at al ., 1972 and 1973). The working principle of the geodesic lenses
is that the propagation occurs along a curved surface in a two-dimensional Riomann space . The simplest
geodesic lens consists of a quarter of a spherical surface (Fig .11, it is a perfect lens but it canno t be
easily inserted in a planar circuit. On the other hand every portion of spherical surface focuses with
strong spherical aberration, as it was founded in acoustics by Van Ouzer (VAN DUZER , 1., 1970). By
combining .s spherical depression lens with a mode index lens it is possible to considerably reduce
aberrations (SPILLER, E. et al.. 1974). These lenses however have F/number of the order of 3.5 cod mode
convers ion can occu r .

Let us now consider perfect geodesic lenses with planar input and output, which have large focal
power (F/number ~ 1) and no discontinuity in the mode index . A family of these lenses was described
(~~~ AL0O 01 FRANCIA. 0., 1955 and 1957) as a result of a general theorem on rotation surfaces. These
lenses are perfect ro)limating system s on almost the entire aperture and they have the same prop .rties as
the well k nown variable-index 1 jneburg lens without any discontinuity on the tangent plane . The meridional

- -- -. -S .- ~~~~~~~~~~~ 
- - _ _ _ _ _ _ _ _ _  -
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curve of a lens of this family is shown in Fig .2 , together with its mathematical expression. The radius b

gives the maximum aperture of the lens . In other words (Fig , 3) the gendesics tha t do not cross the parallel

wit h radius b are not collimated . By choosing different values of b/a it is possible to obtain lenses with
different apertures. In practice it is necessary to find a compromise between the convenience of choosing
b very near to a, in order to increase the aperture, and the necessity of a smooth juncture between the
lens and the plane surface . A typical value of sin -y • b/a could be 0.8. This lens was designed to focus a
set of plane waves into a corresponding set of points lying on the fundamental parallel A. The focus size
is given only by the diffraction of the limited plane wave. Two plane waves with angular separation 

~ 
focus

in two points separated by an arc given by the product as, A geodesic lens of this type seems to be very
useful to separate the set of beams diffracted by a modulator . Because the lens is theoreticall y perfect
a very good angular resolution is expected in practice as well.

Several geodesic lenses have been tested in our laboratory either as a protrusion or as a depression
in a film waveguide (Fig.4). Figure 5 refers to a geodesic depression lens of diameter 9 m , focal lengt h
9 ave and sin -y 0.73. The useful linear aperture was 7 ave. An epoxy film doped with rhodamine B was
deposited on a glass substrate having the desired shape . Figure 6 shows a plane beam 1 ,5 mm wide which is
foc used in a focal spot of size 20 5 30 ~ii an optical fiber of 140 u diameter is also shown for comparison.
Fi gure 7 shows two plane waves forming an angle of ‘e 0.7 degrees which are focused in two separate points.
As a n example . in the case of an acousto-optic modulator (YAG-lithium niobate) such an angle between the
two diffracted beams can be obtained with a carrier frequency of only 65 MHz (A 

~
-.

Such a geodesic lens can be used in an integrated convolver of the type sketched in Figure 8
WAS. P. et al., 1976). This device can find application in optical digital communications or for radar
signal processing . In hoth the cases one must detect highly correlated signals (such as Barker codes) used
for instance as synchronization patterns, as code words or as pulses in radar technique. The geodesic lens
could also be used in devices like the thin film spectrum analyzer already suggested (HAMILTON . M.C. et al..
1976) for microwave signals.

The geodesic lenses have the advantage that they can be prepared in advance. on the same substrate
of the remainder of the integrated circuit. The accuracy is that of the glass optics technique. Then , the
guiding film can be fabricated with the greatest variety of techniques, without masking problems.

3. HEMISPHERICAL GEODESIC CORRELATOR

Concerning the ability of the above geodesic lens to perform Fourier transformations, it is to be
noted that the focal points corresponding to different spatial frequencies (Fig.9) present a phase distribution
different from that theoretically expected . In addition , because of the circular syninetry, the Fourier
transform locus is a circle which lies on the light-guiding plane . Such a characteristic makes it very
difficult to assemble two lenses in order to constitute a thin film correlator analogous to a bulk double-
-diffraction system.

However, among geodesic lenses, the simplest one , which is the hemispherical surface (RIGHINI.
G . C .  et al ., 1972), shows the interesting characteristic of imag ing without aberrations as sketched in
Fig .1D , and its symmetry properties allow us to expect a suitable I~ourier transform locus. Such an imaging
system (Fig.11.a) can be compared with the bulk imaging system of Fig . 11.b . In bulk optics, forming an
image of the object is a sufficient condition for producing the Fourier transform on a plane (VANOER LUGT,
A. • 1974) . We investigated if an analogous property is va l i d also in the case of an unusual  imaging system
such as the hemispherical surface. For symmetry reasons, in agreement with the focusing property of a quarter
o spher ical sur face , the Fourier transform locus under investigation must be the great circle that divides
the surface into two parts (Fi g.11.a) . -

To verify this assumption , one can evalua te the lack of parallelism on the FT line of the beams
diffracted by point sources on the input line . The lack of parallelism or angular aberration 5 of the beam
from S1 with aperture a and field angle 0 defined in Fig . 11 .a turns O u t  to be

(1)

Analogously the wave aberration turns out to be

(2)

It corresponds to the coma in bulk optics, while no axial aberration exists. The aberrations have been also
numerically evaluated (Fig.121. A~ an example, if we consider, according ~o Rayleigh , a maxim um wav e
aberration of A/4, we can t e e  an aperture of 100 and a field angle of gO , wnile the lack of parallelism
turnS out to be less than 0.10. It is to be noted, however , tha t the aberrations are completely corrected
by the second part of the correlator becauae the semi~pherical surface constitutes a perfect imaging system .

_ _ _ _ _  
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A model of the geodesic correlator has been constructed. In order to easily feed the

hemispherical correlator with a parallel been, it has been superposed on a cylinder which is connected
to a planar guide by means of a suitable toroidal junction. Figure 13 shows a sketch of the model
constituted by a hemisphere with radius 20 mm superposed on a cylinder 20 ave high. The glass substrate was
shaped , polished and then coated with a thin film of doped epoxy (Areldit MY 757). We have not yet carried
out any experiment of Optical processing with this correlator. However, numerical evaluations have been
made in order to clarify the effects  of wave-aberrat ion on the complex ampl i tude  of the Fourier transforrn c

and on the auto- or cross-correlations of binary signals.

Let us consider the pulse train shown in Fig .14 , cons t i t u t ed by N rectangular pulses. The Fourier
transform Flu) actually performed by the first lens (one half of hemispherical surface) must be evaluated
by taking into account the wave-aberration W:

(3) Flu) • [ f(x ’) 
jW (X .u) jux d ,

where W (x’.u ) is obtained from eq.(2) with the formulas of spherical trigonometry. Let us assume that
the radius R of the hemispherical correlator equals 10 iris and that the input signal has a 2 .5 iris maximum
width. Such a value, which seems to be suitable for integrated optical circuits, is related to the choice
of the field angle equal to g0~ Figure 15.a shows the normalized amplitude of the aberrated FT of 5 pulses .
0.2 iris wide, with period b • 0.55 mm . plotted versus the x coordinate along the FT line . The imaginary
part turned out to be zero as in the unaberrated case due to signa l syninetry reasons. The amplitude
differences with respect to the exact FT are shown in Fig.15.b and remain v€ ry small (a3 1O~~ ) up tolx i < 1 . 4rrsn.that is up to spatial frequencies of ‘e88O lines/rise . This limit is higher than the i x i value
of 0.88 rem corresponding to a maximum wave-aberration A/4.

To obtain the autocorrelation pattern on the output  l ine of the correlator,  the aberrated FT
must be multiplied by the matched filter transmission (equal to the complex conjugate of the signal spectrum)
and then again Fourier-transformed. Due to the previous results the FT performed by the second lens has
been calculated neglecting the aberration. This FT has been evaluated by means of the Fast Fourier Transform
algorit lirr on an Eclipse S 200 computer. The autocorrelation intensity pattern for the train of 5 pulses
plotted versus the coordinate x~ of the Output line and stopped at x~ • 2 rise, is shown in F ig. 15.c.

The practical realization of the filter having an amplitude transmission equal to F1(u) constitutes
a difficult problem i it is much more convenient to look for approximated filters with only two or three
transmission levels. Figure 16 shows the autocorrelation of the S-pulse-train obtained in the case of binary
filters: objiously the performance of the filter is affected by the choice of the cutoff level corresponding
to zero transmission. Three cutof~ levels are considered, equal respectively to 5%, 10% and 20% of the
central peak amplitude A(o) of the matched filter F5(u). By increasing the cutoff level one simplifies the

ilter fabrication at the expense of an increase of the lateral lobes 0f the autoc rrelation. A good
compromise i~ a cutoff level equal to lO%i in this case we have almost the same intensity ratio between
the central peak and the next two triangles as in the case of the continuous matched filter. Fig.17 shows
the binary filter corresponding to this choice (bottom right) and the related autocorrela t ion  pa t te rn  (top
right). The filter is compared with a three level filter (-1 ,O..1) (bottom left). For the three level filter
a phase control in the fabrication is required . On the other hand the autocorrclation pattern (top left)
obtained in this case shows a higher ratio between the central peak and the next lobes than in the previous
case, even if a higher cutoff amplitude (15% of A(o)) has been chosen for this case than for the binary
filter.

As a further test, several cross correlation patterns have been evaluated using these filters.
Figure 18 Shows two crosecorrelation patterns of a 3-pulse input with 5 pLlses obtained by using respectively
the two filters of Fig.17.

4. COM LUSIONS

The previous results seem to confirm the possibility of applying the geodesic correlator to
communicetion ay~ tems . In particular, for pattern recognition applications, binary filters could often
be used with acceptable performances, thus simplifying the practcal realization of the matched filters.
On the other ha nd , the inpu t signal must usually be introduced by mea ns of one integrated modulator, for
Instance of the acoustooptic or electrooptic type. The practical problems to be solved do not seem, however .
more complicated in the case of the geodesic correletor than in planer correlators.

In the corvnunication or radar fields, several applications of the geodesic correlator could be
Suggested . Figure 19 shows, for instance , the sketch of the geodesic analog of a time integrating acoustooptic
correlator suggested in bulk optics by Sprague and Koliopoulos (SPRAGUE. R.A. et al., 1976). The
comparison with the bulk system shows tha t even rather complex optical systems can be realized with a
spherical surface. This kind of correlator could be particularly interesting for the possibility of coupling
it to an optical fih.sr which brings the input signal.

______  ~
_
~
t_ ~~~~



In conclusion, the hemispherical correlator described above can be used as an optical processor
with aperture and field angles suitable for application to integrated optical circuits. The simple shape
of the substrate and the usual advantages of geodesic optical systems are further interesting characteristics
of th is  co r re la tor .
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Fig . I A geodesic lens ,  cnr - .t l t u t e d  by a quarter of a spherical surface, focusing a plane laser beam.
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Fig . 2 Meridional curve of a geodesic lens belonging to a family of perfect lenses having planar
input and output.
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Fig. 3 Sketch of the previous lens showing the maximum aperture for which itconstitutes e perfect
focusing system.
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Fig . 4 Sketch of the geodesic lens constructed either as a protrusion with respect to a planar film

(a) or as a depression in th~ planar film (b).
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Fig. 7 Two plane waves forming an angle of n0,7 degrees are focused in two clearly separated points.
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Fig. 8 Sketch of an integrated convolver employing a geodesic lens and two acoustooptic modulators with
parallel track configuration.
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lop v i e w  of the geodesic lens
Fig . 9 Top view of the geodesic lens.
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FIg.1O Schematic representation of the imaging properties of a hemispherical surface.
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Fig.11 (a) Top view of a hemispherical imaging system, (b) sketch of a bulk imaging system.
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r u m  Substrate

Ftg.1 3 Sketch of the model of the geodesic correlator constituted by a hemispher, with radius 20 mm
superposed on a cylinder 20 mm high.
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Fig.14 Pulse train constituted by 5 rectongular pulses. 2a is the width of the pulse and b the period.
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Fig.15 (a) Normalized amplitude of the aberrated FT of 5 pulses with a 0.2 m and b - 0.55 mm .
plotted versus the x coordinate along the f-I line, (bI Amplitude differences with respect to the
e~act FT. They remain less then “-3 10~~ up to l x i < 1.4 rise, that is up to spatial frequencies
of “.880 lines/iris Ic) Autjcorrelation intensit y for the train of S pu l ses plotted versus the
coordinate x ” of the output line and stopped at x ” • 2 mm.

~~~- 

- —

~~~~~
-
~~ -

~ 
- -



I-i-
f l-AOb O 7148 ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPI~~NT—CTC F/S 80/6

OPTICAL FIBRES. INTEGRATED OPTICS AND THEIR MILITARY APPLICATIOnEYCCU)OCT 77 H HODARA
UNCLASS IFIED AGARD—CP—219

- 
_  

_  

_

_ 
_ _ _

U P~!U
UTWIW ~~J!UU 
III

_NM! 
DF!G1flI



25-13

FN = S
- l (O)•l7S I~(O) IN = 5
I

I ILT(R TRANSMISSION 7.%I
T(.) •O .1 A(s)I~~OS *6.1

~~~~~~~ A 
~~~~ SO LO 1.0 LO LO

1(00.1.54 I~ (O) =
, d r IL T CR TRANSMISSION T.O;I

1(10 0 1 A(s) s O.l AC•)

I.~o

S.I• 0.0 1.0 .0 l.a l.I• 1.0 5.0 5.0 1.0
5” (MM )

UO)• 1.35 I~
(O) FN = S

IN = S
I

f ILTCR TRANSMISSION T~Oi I
T(a)~O .1 A(s) 10.2 A(.)

1, IS L I I  0.0 l.a. 1.10 1.0 1.15 1.10 5.0 5.0 1.00
x l  (MM )

Fig.16 Autocorrelation of the 5-pulse-train obtained by using binary filters. Three cutoff levels are

considered, equal respectively to 5% , 10% and 20% of the centra l peak a.nplitude Mo) of the

matched filter F*(u).
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QUESTIONS AND COMMENTS
ON SESSION III

GIGA-HERTZ MODULATORS USING BULK ACOUSTO OPTIC INTERACTIONS IN THIN FILM WAVEGUIDES
G. B. Brandt , M. Gottlieb , R. W. Weinert

Dr. H. De La Rue: What is the number of resolved spots that your deflector device can
achieve, compatible with reasonable insertion loss (optical)? The supplementary
should have been: What is the actual optical insertion lose of the device?

Dr. Brandt: We have not measured the insertion loss of these deflectors but since we
are using prism coupling it is likely to be high. The number of resolvable
elements is equal to the number of fingers on the transducer electrode. With
conventional photomasking techniques 100 or 200 elements should not be difficult
to fabr icate ; much beyond 200 elements, the transducer size would tend to become
too large to qualify as a miniaturized integrated optic device.

LASER-FIBER COUPLING WITH OPTICAL TRANSITION STRUCTURES
G. Mitchell , W. D. Scott

Dr. John Dakin: Did you observe spatial oscUlations in coupling efficiency as the
relative position of the laser and the light guide were changed? Other workers
have reported considerable oscillations of this type.

Dr. Mitchell: The process of adjustment to optimize coupling involved moving the
trani~ition structures with respect to the laser, however, we did not observe
output fluctuations that could be considered to result from interference between
the laser and transition ends.

AN INTEGRATED OPTICAL ANALOG-TO-DIGITAL CONVE RTER
D. Lewis , H. F. Taylor

Dr. H. H. De La Rue : Laser was presumably YAG laser at 1.06 ~m wavelength? (after
discussion) Can GaAs type lasers achieve required power and pulsewidth? What
value of optical insertion and output coupling losses assumed in the power
calculation?

Dr. Lewis: It appears that there are three questions here: (1) Was a NdYAG laser
used , (2) Could a GaAs laser achieve the required powers and pulse widths, (3) What
value of optical insertion and coupling losses were assumed in the power calculation?

With regards to the first question , a helium neon laser is being used with the
proto-type circuits until the modulators , photodetectors, and comparators are
characterized and working together properly .

As regards to the second question, either NdYAG or GaAs lasers could be used
depending on the pulse widths required. Hill has demonstrated a laser/fiber
optic system that may be ~apab1e of providng ~ ps pulses, the laser used in thissystem was Nd TAG as I recall. GaAs lasers with subnanosecond pulse widths have
been prepared and reported on. We anticipate the successful development of the
A/D converter will require the development of a suitable picosecond laser source.

Finally , as regards the third question, it is not necessary to assume values for
insertion and coupling losses. We have instead assumed what we believe to be
reasonable powers to drive each of the components in the circuit.
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Summary of Session III
INTEGRAT ED OPTI CS

by
Dr. T. G. Horwath

The third session of this conference , on the subject of Integrated Optics was primarily
devoted to single-mode technology. It consisted of presentations covering a broad
spectrum of devices, such as sources, modulators, connectors and couplers , as well as
two intriguing approaches to the realization of special signal processing functions.

The paper presented by Dr. T. G. Giallorenzi , “Compatibility of Integrated Optics and
Single Node Fiber Optics,” discussed the status of interface components for integrated
optical date. communication systems. Couplers and connectors were identified as the
most critical components from the standpoint of systems implementation.

Mr. Papuchon ’s paper, “Electro-Optical Active Components for Guided Light,” presented
the results obtained with electro—optical components based on Titanium diffused Lithium
Niobate technology. Devices such as phase modulators, amplitude modulators and switches
were presented , together with the results of experiments conducted to establish their
characteristics.

“Giga— Hertz Modulators Using Bulk Acousto-Optic Interactions in Thin Film Waveguides ,”
was the title of the paper presented by Dr. G. B. Brandt. Interactions of light in
optical waveguides with longitudinal waves and shear waves were discussed , leading to
frequency shifts or deflection of the light wave respectively . Modulators with 1.5 GHz
bandwidth have been realized , and 30 GHz appears feasible as the theoretical limit.

A novel injection laser of great potential was reviewed by Prof. Shyh Wang with his
paper “Distributed—Bragg—Reflector Injection Lasers for Integrated Optics.” This laser
uses waveguides of periodically changing thickness as frequency selective reflectors.
Prof. Wang first reviewed the wave propagation in such waveguides , presented the
dispersion relation for the Eigen Bloch wave and then derived transmission and reflection
coefficients. He then commented on optimization realization and operation of such a
laser. Finally , he suggested possible schemes for integration with other optical
components, stabilization , fine tuning and most of all an imaginative way of direct
coupling into single mode optical fibers. This paper was, in my opinion one of the
highlights of the session .

“Multimode Optical Systems -- Power Coupling Between Waveguides,” presented by Dr. M. G. F.
Wilson was unique in the session , as the title might suggest. Dr. Wilson applied ray
theory in order to derive power flow and mode conversion as a function of the geometry
of waveguide junctions. In addition, he presented experimental results obtained with
waveguide junctions produced by ion—exchange techniques.

The problems of coupling integrated optical components and injection laser sources to
single mode fibers were again raised in Dr. G. L. Mitchell’s paper “Laser-Fiber
Coupling with Optical Transition Structures. ” A transition section from rectangular to
circular cross section was suggested , similar to those well known from microwave
technology , Fabrication techniques, material selection as well as optimization of
coupling efficiency and index of refraction were discussed by Dr. Mitchell..

Dr. Lewis in his paper “An Integrated Optical Analc.g—to—Digital Converter” suggested
an innovative use of an array of phase modulators, connected in parallel , to conver t the
common analog electrical drive signal into a digital optical output. The phase modulators
used closely resemble the ones discussed by Mr. Papuchon earlier in this session. The
analog to digital converter has the potential of 8-bit quantization at a speed of one
mega—word per second.

“Integrated Signal Processing ” was the title of the last paper given by Dr. Vera Russo-
Checcacci. Application of the transform properties of lenses to integrated thin film
optics has been suggested in the past. Dr. Russo-Checcacci’s contr ibution , however , is
the use of geodesic lenses, taking advantage of their symmetry properties and the
aebsence of aberrations. A model of a semispherical correlator was discussed in
conclusion.

In my opinion, the session was somewhat deficient in two ways . First, it did not
contain a presentation on integrated detectors that are efficiently matched to the
thin fiber waveguidee. Second, there was no attempt of integration beyond the component
level, such as complicated logic functions. It apoears, therefore, that a lot remains
to be done to advance this technology to the degree of maturity necessary for wider
application.

_______________ ______________________________• - _ _ _ _ _ _ _  
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HOW DOES ONE I NDUCE LEAKAGE IN AN OPTICAL FIBER LINK ?

C. Yeh and A. Johnston
Electrical Sciences and Engineering Dept.

University of Californ ia
Los Angeles, California 90024

SUMMARY

Three non—destructive methods to induce the leakage of optical signal from optical fiber s will be di.—
cussed : (1) The index—matching—fluid method, (2) The temperature method, (3) The bending method.
Experiments were performed for these cases. Results show that all three method. are effective in inducing
leakage from plastic clad fibers while only the bending method i. effective for glass—clad fibers.

INTRODUCTION

It has almost been taken for granted that, because optical fiber transmission line is free of RI
leakage and cross—talk problems, it can be used readily as a secure information link. Furthermore, the
intrinsic crack propagation characteristic of glass prevents cutting into the glass core to gain access
to the optical signal without severing it. This talk is an attempt to discuas several non—destructive
ways of tapping an optical fiber link. We are interpreting the word tapping in ite broadest sense; i.e.,
any schema that would induce the leakage of light from the fiber is interpreted as a viable means of tap-
ping the fiber.

Two families of low—loss multi—mode fiber exist: (a) The plastic—clad fiber family, (b) The glass—
clad fiber family which includes the graded—index fibers. The plastic—clad fiber usually consist of a
glass core and a plastic sheath as its cladding. The cladding of a small section (say, 5 cm.) of a fiber
link (say, longer than 20 a.) can be easily stripped off without noticably affecting the strenght of the
transmitted signal. On the other hand the cladding of the glass—clad fiber is usually intimately bonded
to the glas. core in such a way that removing the glass cladding will usually damage the core structure.
Dif fe ren t  ways meat therefore be devised to tap these fibers. Three non—destructive methods may be used
to induce the leakage of optical signal from these fibers: (1) The index—matching—fluid method, (2) The
temperature method, (3) The bending method.

THE INDEX-MATCHING—FLUID METhOD

The index—matching—fluid method i~ particularly suited for tapping plastic clad fiber. After strip-
ping off the plastic cladding the bare glass—core section is imesrsed in an index—matching fluid whose
index of refract ion may be so chosen that only a small controlled amount of light is allowed to leak out
of the core of the multi—mode fiber.

According to the theory of guided waves along optical fibers,’ the number of modes N that a fiber
may ca rry can be estimated from a very simple relation:

(1)

(n i — n
2) ~~2 << 1

where • k is the free—space wave number, a is the radius of the fiber core and n1 and n2 are respec-
tively the indices of refraction for the core and for cladding which is the index—matching—fluid. There-
fore the number of modes that can be supported by the fiber guide is directly proportional to the differ-
ence of the square of indices of refraction. In other words, when the cladding index approaches the core
index, the number of propagating modes approaches a small value. By finely adjusting the value for

— n2), the number of propagating modes may be adjusted. If the modes excitation condition is such
that all modes are equally excited, one may derive an approximate expression for the fractional power car—
r~ed in the cladding region. It is

power transmitted in the cladding (2)
total transmitted power 3V

/ n2\¼
with V •(~~~)n1 (l — .4 ) and (n1 

— n2 )/n 2 << ~

\
By adjusting the cladding index , (in the present case , it is the index—ustching—fluid) one may control the
amoun t of power carried in the cladding region which can then be tapped off very easily. Relations (1)
and (2) have been plotted in Fig. 1.

To verify the above observation , measurements were carried out. A schematic diagram of the experi-
mental setup is shown in Fig. 2. Results of our measurements are shown in Fig. 1. This experiment shows
th at one mey induce a controlled amount of leakage for the pla stic—clad fiber link with this method.

ThE TEI~~ERATURE METhOD

It is well—known that the refraction index of glass or plastic varies as a function of temperature .

• —-- •-~~~ -- •~~~~~~~ - - • - - -
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For the glass—clad fiber , the index of the glass core or that of the glass cladding varies as a function
of temperature in a similar fsshion such that the NA of the fiber remains unchanged.’ Hence, no leakage
of light occurs as the temperature changes. As far as the plastic clad fiber is concerned , since the
index of the glass core and that of the plastic cladding vary as a function of temperature in a dis-
similar manner, the NA of the fiber is significantly changed as the temperature varies. Hence , leakage
of light occurs as the temperature changes.

To conf irm the above observation, measurements were carried out. The schematic diagram of the
experimental setup is similar to that shown in Fig. 2, except the segment where we placed the index—
matching fluid is replaced by a dewar which provides a controlled temperature enviornment for a length of
fiber. To make the desired measurements it is not necessary to strip the cladding from the fiber as was
done for the previous method. Detailed experimental data are shown in Fig. 3 for the plastic—clad fiber
and for the glass—clad fiber. As expected no leakage of light is detectable for the glass—clad
fiber as the temperature changes. On the other hand , very significant leakage of light occurs for the
plastic—clad fiber when the temperature varies through a critical region. Apparently a phase transition
for the p lastic cladding occ urs in this temperature range so that the index for the plastic changes
significantly.

So far , it appears that glass—clad fiber is immune to our attempts to induce leakage. It will be
shown, however, that the next attempt will be successful.

THE BENDING METhOD

By bending a fiber, radiation or cladding modes may be induced due to the sharp curva ture of the
fiber. According to a simplified analysis,3 the fraction of modes lost in a bent step—index type fiber
is 2a/(RiS) where a is the core radius, 6 — 1 — (n 2/n 1) 2, and R is the curvature radius. The curvature
loss as a function of the curvature for the step—index fiber is sketched in Fig. 4. It can be seen that
very large curvature loss can be induced.

Measurements were performed using the basic experimental set—up as sketched in Fig. 2. The fiber
under examination was tightly wound tea times around a post with predetermined radius of curvature. By
using posts of different radius, we can adjust the bending radius of the fiber. Results of our measure-
ments are shown in Fig. 5. It can be seen that, as expected, leakage from the fiber line is very signif-
icant when the radius of curvature reaches a certain critical value. One notes that the bending method
to induce leakage is equally effective when applied to the glass—clad fiber as to the plastic—clad fiber.

cONCLUSIONS

The fact that the above methods provide “non—destructive” and “recoverable” rays of inducing leak-
age in an optical fiber is worth noting. We have also shown experimentally that when the distrubances
caused by the above echemes were removed , the t ransmission characteristics of the fiber link returned to
normal. The security implication of the above experiments is clear. It appears that the only way to
insure that no leakage of informa tion had accured is to monitor continuously the power level of the
received signal. Techniques to achieve this will not be discussed here.

RE FERENCES

1. C. Yeh, “Advances in Comsunication Through Light Fibers in Advances in Comsunication Systems,” Vol. 4,
Theory and Applications, Academic Press, New York (1975); D. Gloge, App l. Opt. 10, 2253 (1971).

2. C. J. Parker and W. A. Popov, Appl . Opt. 10, 2137 (1971).

3. D. Cloge, Appl. Opt. 11, 2506 (1972).
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ETUDE ET RESIJLTATS DE LA FONCTION DE TRANSFERT DES FIBRES OPTIqIES

R. BOUILL IE - J .C. BIZEUL - N. GUIBERT
CNET
route de TrCgastel

SOI~~AIRE 22300 LANNION — France

Nous donnons dana cet te  communication un principe d’ obtention du module de is fonction
de transfert des fibres optiques . Ii consiste B utiliser deux tranaformdea de Fourier d’un train
d’impulsions l’jmineuses récurrentes. Ensuite, nous nous attachons S expliquer l’appareillage
ainsi que lea rCsultats qua noua obtenons sur diffdrents types de fibres (saut d’indice , gra-
dient d’indice , A ouverture numSrique diffCrente).

Et en conclusion, nous abordons lea possibilitCs d. liaison par fibres optiques selon
lea divers debits numdriques.

I. - INTRODUC.ION

La dispersion dane lea fibres optiques a été Studies par ds noabreux suteurs . Las tech-
niques les plus anciennes consistent S injecter une impuision lumineuse de trSs courte durCe dans
is f ibre  et A mesurer l’Slargissement S mi—hauteur de cette impu1~ ion aprAs propagation (ref. 1).
Si cette mesure eat relativament simple avec des fibres B forte dispersion, d i e  devient plus
delicate avec des fibres dont lee propriétés de propagation sont nettement meilleures (gradient
d’indice quasi parabolique par example) ; dana Ce cas, un difficile calcul de déconvolution eat
slors nCcessaire. MBme si cette technique eat utilisCe , d I e  conduit B une valeur caractCristi—
que d e Ia propaga t ion, peu familiBre aux concepteurs de systCm.s, plus hab ituCs B travailler
dana le doma ine frC quentiel . Depuis quelques annCes, Is mesure de la fonction de transfert des
f ibres a , peu a peu , rmup lacd celle de 1* rdponse impulsionnelle (ref. 2). Plusieurs techniques
permettent d’arriver B ces rCsultats (calcul, wobulation etc...), nous décrirons ici ia mCthode
utiliaant is transformée de Fourier d’un train d’impulsions lumineuses récurrentes , mé thode qui
ju squ ’l present a donnd lea meilleurs rCsuitats.

II. — PRINCIPE El APPAREILLAGE

11.1. — Pr inc ipe (Fig. I )
Si on prend ia transformde de Fourier d’un train d’impulsions rCcurrentes, on obtient ,

dana le plan des frCqu ences, un spectre de raies espacCes de la frCquence de recurrence du train
Siais et dont l’enveloppe eat la transformCe de Fourier de l’impulsion unitaire.

Si on effectue cette meaure avec un train d’impulsions lumineuses avant et aprBs pas-
sage dana une f i b r e  opt iqu e , on obtient deux spectrea de raies, dont le rapport (ou Ia diffB—
rence en Cchelle logaritbinique) est le module de la fonction de transfert de la fibre.

11.2. — Appareillage

11 se compose de deux sous-ensembles Smise ion et reception qui peuvent Atre Cventuelle—
ment dana des lieux geographiques différents pour des mesures aur des cAbles installCs par exam-
ple.

11.2.1. — Emission

Dc nombreuses sources optiques peuvent convenir pour effectuer ces mesures
nous n ’avons retenu que celles susceptibles d’Atre ut~lisCes dans un système de transmis-
sion par fibres , c’est—B —dire lea Smetteurs sani—conducteura ~ base d’ArsCniure de Galium
don t la iongueur d’onde d’émission est de 8300 A’

Dane cette categoric , nous avons 1. cho ix entre Ia diode Clectroluminescente,
la diode laser 1 large Contact et Ia diode laser B Contact Stroit. La diode Slectrolumi—
nescente, du fait de son diagramee de rayonnement ne prCsente guSre d’intCrAt pour l’ap—
pareillage et de cc fait , nous n’utilisons que lea diodes 1 effet Laser le laser B large
contact uti ii .é  est Ic LBA 185 du 5Th d’~nt is largeur du spectre d’Smission eat d’ environ
50 A , is laser continu provient Sgaiement du STh et possIde une largeur specb~ale de 4A’.
Ces diodes aont excit Ces par un gSnkratsur d’lapu’sions rCglables en frS quence, en lsrgeur
St en nlveau. Les impulsions lu.insuses gCnCrScs peuvent Stre aussi courtes qu’une nano—
second e et pour is LBA 185 avolr une puissance lumineuse de quelquea 4 watts crAte.

11.2.2. — L a r ~c~~ t ion
La reception eat composSe d’un photorCcepteur et d’organes de mesures et de

traitement .

Le r lcepteur est une photodlode B ava lsnche , de type PITPN (< I GHz) ou une diod e
PIN—RTC ) 1 GHZ. Pour mesurer ia courbe affaibiissement/frSquence d’une fibre , ii faut
Smettr. di l’Snergie dans lea frSquences o~ l’on veu t montrer que Is fibre va les att Cnuer
ii faut donc Sviter de choisir une diod e qul coups avant ia fibre. 1. choix du photod Stec—
teur dolt donc se faire en fonctlon du eorceau de fibre B mesurer.

• —-•~~~~~ 
-- • 
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Le détecteur charg é cur 50 Olmis eat directement connectS I un snalyseu r de spec-
t re , lui -m~~ e re liC 1 un calculateur q.ii en r egist re le spectre de ra les et t r a i t s  las r S—
suitats.

L’ut i liest ion des diodes I avalanche nCcesaite certaines precautions , parm i lee-
queUes nous noterone

— avo ir de bonnes cassures des extrémitSs dee f ibres
— positionner parfaitement Ia sortie de Ia fibre devant Ia diode, af in d ’Cviter

tout  f i l t r a g e  spat i a l  qui fausaerait las rCsuitata.

— travailler 1 puissance optique incidents constante, pour Cviter lea non—
l inSarités.

— ajuster la tension d’alimentation af in d’Sviter les phCnomlnea de sa tura t ion .

AprIe avoir rappelC lea principes St l’appareillage u t i l i a C , nous allons d iscuter
1’ influence des cond it ions d’injection de Ia luiniBre dans les fibres, cur Is rSaultat obte—
nu.

III. — INFLUENCE DES CONDITIONS D’ INJECTION
La f igure n’2 montre  l ’in f luence dee conditions d’ in jec t ion  aur la fonction de transfert

entre un p incesu tree faibimnent div ergent , un fa isceau divergent et une autre f ib re  price comae sour-
ce , on obtient pour certsines fibres des rCsultata tree différenta. Pour pouvoir comparer las diffS—
retites fibres entre elles , il f aut assur er des conditions d’injection absolument répCtitives.

D’au tre par t, dana un système de transmissions longue distance, l’eneemble du cAble opt ique
sara constituS par n troncons de cAble connectCs bout B bout. Dana ces conditions, seile la moitiC dee
fibres constituint Ic prmeiet tronçon at Ia moitiC des fibres conatituant le dernier tronçon aeront
excitSea par un Cmetteur optoSlectronique , touteC las autres le seront par une autre fibre du troncon
prScCdent.

Dana ces conditions , pour assurer dec inj ections repkt i t ives  et fa i re  des mesures proches
de i’ app lication systlm e, nous sommes amenSs I mesurer toutes nos fibres I partir d’une “fibre d’ in—
j ect ion”.

Cette facon de procéder permet des mesures ne nécessitant pee la destruction du cAble , Ia
f ibre d’injection servant alors de rCférence.

Cette fibre d’injection a des caracteristiques voisinee de cellea de Is fibre S mesurer
(diaaetre intSrieur et extCrieur, ouverture numérique), cc Iongueur est de quelques metres at l’oa
y crSSe un fort couplage de modes par microcourbures.

Dc nombreux r Ssultats ont dejA été pub liSa cur lee f ibres  A saut d’indice ( r e f .  3 at 4)
dane is suite nous reprendrons quelques tins des plus importants et nous dSvelopperons ceux obtenus
plus rSc~~~ent sur lea fibres 1 gradient d’indice.

IV. - RESULTATS SUE LES FIBRES A SAUl D’ INDICE

Dane cc chapitra , nous donnerons des rSsult*te obtenus sur des fibres B aaut d’indice
susceptibl ~~d ’Atre uti lisCes dana des syatlme s de tClCcomaunicationa I longue distance ; Ccci suppose
une attenuation trés bases ( 4dD/~~) donc un matCriau trés pur (silica — silice dopée) . Dana cea
conditions, l’ouverture nu.Srique des fibres eat gSnCralement comprise entre 0,10 et 0,25. II eat
bisn Cvld~nt que pour d’autrs type de fibre 1 ouverture numCrique nettement plus grande, Ic principedes mssur . reste toujours valable. (fibre Schott en verre) .

I V . I .  — Allure et expression mathSmatique de la fonction de tranafert
La f i gure 3 donna la courbe de rSponse d’une fibre de un kilometre et d’ouverture numerique

0,146. On peut caractSriser cette courbe par une ou plueieura valeurs caracteriatiques, tellee que
frCquence 1 -3dB ou —6dB .

Pour dCtsruin.r La fonction temporelle dont cette courbe eat la transformSe de Fourier , noua
surons r sp r is lee r Csu ltats th Sori ques expriaC s dana Ia ref . 5.

L.a figure 4 qui present . Is transformCe de Fourier de Ia fonc tion
( f ( t )  —

~~~~~
(
~~~

—
~~~
.) pour t ç2 ~~

(f$ t )— O  t

St la figure 5 qul presents la cosparaison d’une de floe courbea exptrimentales B Ia courbe thCorique
f(t) pour ~~ — 6ma montrent que la coincidence set trés bonne. Lee considerations thSoriques (en

• part icuiier i’ ut ilisat ion Is l’ opt lqu e gCométri que) pr Csent Ces ref . 5 se trouvent ainsi pleinement
• vaiid Ces Ce rCaultat montre de plus qu ’il n ’y a pa a conversion ds modes pour lea fibres B saut

d’indice su r dee longu eurs de l’ordre du kilometre,

P1.2.  — Masu r e di i’ouverture numSriqus

La mesure ci—dessus permst , en pr inci p. , d. mesurer l’ ouverture numCrique, male dane la
pratique s u e  s’avCre delicate B r Caliser avec une bonn . precision. Un. autre façon de proc éder con—
51st. 1 dCsaxsr d’ un certain ang ie is fibre B mesursr par rapport B la fibre source. La fig. 6 montre
l’Cvolution de la courbe de transfert en fonction de l’an$le de dCsaxage ; 11 apparaft dana cette ca— •

ractSristique des trous 1 certainea frCquences. On démontrs thCoriqu snt que 1. frCquence du premier

_______

• - ~~t
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trou crCC depend de l’ouverture numSrique de is fibre at de sa Iongueur.
La f i gure 7 montre cette dépendance at peut Atre  u t i l i aée  pour Ia determ ination de l’ouver—

ture nuaérique.

IV.3.  — Inf luence de i’ouverture numérigu e cur is bands A —6dB
Eta nt en possession d ’ un grand noazbre de p ièces de un kilome t re de fibres, dont i’ouverture

numérique van e entre 0, 1 et 0 ,35 nous avona regardS l ’influence  de cette ouverture numSrique cur Ia
f ré quence 1 —6dB ; Le tableau 8 presente cea r Cau lt a t a .

On ven t jars que si pour une fibre donnée , on connait con ouverture numCnique N 1 et sa fcC—
quence 1 —6dB . On determiners Ia f ré quence f2 d’un sutre kilometre d’ouverture numénique ON2 per

— . f i  -

~ON 2 /

Ce rSsultst dCcoule directement de l’analyse thionique dont Ia rSfCrence a etC donnée pr C—
cCde ent St qui conduit B une rCponss impulsionnelie f(t) dont Ia valeur de ~ eat donnCe par

— ~~~~~~ (ON) 2

oil n , eat l’indice du coeur

L 1* longusur du guide

C is vitess. de Ia lum iC re
k una constantS de proportionalitC

IV . 4 . — Association de f ib re  1 saut d’indice

Nous svons connecte bout A bout pluaieuts p ièces de un kilometre at B chaque nouveau kilo-
metre, nous avons relsvC is fonction de t r ans fe r t  (fig. 9). Lee connecteurc sont constituéa de simple
ra inure  en V at ont une perte moyenne d’environ 0,5dB avec liquide adaptateur d ’ind ice.

Si on Ctudie Ic comportement du module de is fonctj on de t r a n a f e r t , on s ’aperçoit qua p lus
on a joute  de longueurs , p lus on modifie l’allure de is rCponse, ju aqu ’B obtenir une a tabilitC A la
courbe 5. Cette courbe limite eat une gaussianne , t rsnsformée de Fourier , d’ une fonct ion temporelle
gaussienne . La rCponse impulsionnelle des f ibres  connectéea eat donc diffCrente de la rCponse dec fi-
bres individuelles. Une reponse gauaaienne eat due I une importante conversion de modes dane le guide
dams le cas present, cette conversion eat due aux connecteurs qui font une redistribution alCatoire
de l’energ ie das modes d’une fibre dana l’autre.

Dc cc rCsui tat , on en dCduit que Ia band e pasaante par example 1 —3dB décroIt en fonction de
I’inverse de la racine carrCe de Ia longueur.

V . - RESULTATS SUE FIBRE A GRADIENT D’IND I~E

V.1. — Influence du profil d’indice

Dan a cett s  experience, nous cherchons A corrCler Ia valeur de f0 (vsleu r de la frequence A
—6dB) 1 cell e du paramétre 0< , propose par GLOGE—MARCATILI, comae dCcrivant correctement le prof i l
d’ indice.  La f i gure 10 montre qu’on obtient une bande passante (1 —MB) optimale pour une valeur de
comprise entre 2 et 2 , 1 comae Ic prCvoient lee étude, theoriques faitea pour icc f ibres  dop Ces au ger—
msni* .

V.2. — Expression de is fonction de transfert
La fig. II montre Ia fonction de transfert d’une fibre B gradient d’indice d’une longu eur

Sgale 1 1km et qui a comae paramétre o( une vsleur de 2 — 2,1. On vCrifie que l’ailu re  da ce tte courbe
cut identique I une courbe de Gauss de is fo

e
Le parsaètrs f~ cut uns valeur caractCristique dCpendant de ls nature de la fibre et de saIongueur .

Pour plus de coimeodités, nous identifions chacune des fibres par cc vsleur f~ comprise A
— 3dB bien que tout. autre valeur pulse. convenir.

V.3. — Association de fibres B gradient d ’indice
Pour le. fibres I saut d’indice dont nous avons perle prEcCdewent , nous avona remarque qu ’iI

fallsit avoir un nombre de pièces connectéea pour pouvoir dire que Ia form. de Ia courbe representant
le module de Is fonct ion de transfert devenait guaussienne ; pour lea fibres 1 gradient d’indice , des
is premier  ki lometre , noua svons dCjB cette forme St comae pour lee sauta d’ indice , nous pouvons donc
&crire pour une liaison de pièces connectCes

F frCquence csractSrierique 1 —3dB de is liai.on rCslisCeT
~ f: frC quence caractCriat iqus B —3dB d’ une p ièce de Is liaison

L lQflgu.ur tot ale de Ia lisison

• _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _
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VI . — CONCLUSION

Dana Ic tableau ci—de ssous ( f i g .  12) noua ailona raaaembler  d i f fCr en t a  r é s u i t a t s  sur des
fibres A saut d’indice dont on connalt l’ ouverture numéri que O .N .  at cur des f ib res  1 gradient
d’indice dont on connait le parsmCtre O(

Ce tt e f i gure parmet de savoir Ia longueur maximale realisable avec certsines fibrec. Pour
un syatéme de debit numerique dCterminé , is frSquence de coupure 5 —3dB ast fonction du code en

• li gne utiliaé. Lee possibilitSc de codes aont concidérables;ici nouc prendrona lee hypotheses mini—
mum et maximum pour la bande de fréquence nécescaire en reception, c’est—A—dire 0,5 eL 1 ,5 foia
Ia f ré quence ny thme du debit en ligne choisi.

Dane cc tableau , Is representation eat réalisée A I x fr (fr êtant la frequence rythme)

Nous avon rap érC la veleur de 18 fréquence rythme dec debits : 2 ; 8 ; 34 ; 52 ; 140
Mbit/s. Sur catte figure , nous n’avons pa& tenu compte de I’attCnuation propre de ia fibre ou du
cable , maic en touta r i gueur , ci I’ on cc fixe une pente de 6dB par km avec icc connecteurs , nous
comes IimitCa par is dynamique des syatémes laser—photodiode (ref 6).
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DETA IL RESOLUTION IN OPTICAL FIBRE INDEX PROFILIPJ3 ME7HODS

N . J. Stewart

Alien Clark Research Centre
The Plessey Company Limited
c~swel1 Towcester Northants.

U.K.

The resolution of fine structure in fibre refractive index profiles by near—field profiling methods
has been investigated experimentally and theoretically. The standard near—field method and a new
improved method are treated . The significance of this structure in affecting fibre bandwidth is
described and the results qualitatively explained in resolution terms . The concept of mode volume is
introduced.

The measurement of refractive index within optical fibre cores , and particularly the measurement of
index profiles in graded fibres , has always proved difficult, One of the ~~j nPleat method s is the ‘mear—
field ’ profiling technique origiál1,~ dçscribed by Payne , Sladenand Adams • Variants of this method
have been devised by other workers ~a ,3~ • All these methods suffer from the need to correct for the
effect of leaky modes(l). A new method, based on similar principles but avoiding this effect has been
devised, and will be described in full at IOOC in Tokyo. Al~ çhese method s show very fine structure in
the index profile, although it can also show false structure~4~. We have done a series of experiments
in which a test object known to be of step refractive index structure has been examined using a system
similar to that employed in references 2 and 3, except that no guiding structure was involved. The
apparatus consisted of a microscope objective that focussed a spot from a laser onto the surface of a
silica or glass plate that had been partially cracked. The crack had been filled with liquid of slightly
lower refractive index than the plate, and covered with a coverslip. This formed a thin slab with its
surface parallel to the axis of the microscope objective, a few microns thick. Liquid refractive indices
higher than that of the plate were not used because of losses expected in the liquid. This layer
simulates a thin layer within a larger fibre core. The profiling action in near—field methods arises
because the fibre core filters the radiation input to it according to the angle of propagation, this
angle in turn being determined by the refractive index in the immediate vicinity of the point of launch.
In this resolution experiment and also in the new profiling method, the angle filtering action of the
fibre is performed using an external stop behind the plate. This has two important advantages. Firstly
the stop is so large that all modal effects are eliminated, and secondly the effective NA that it gives
can be varied at will. Experiments have been performed at filtering aperture NA ’s from 0.5 down to near
rero, at input objective NA ’ s of 0.5 and 0.25, and for index differences from 10—2 to 10—4 . The results
show fringing at the edges of the objects (known of course to be step index) whose wavelength is
characterised by the filtering aperture NA. The amplitude of the fringing is constant for smaller
aperture NA’S at about 10% of the amplitude of the intensity step, in agreement with ref. 2, but appears
to fall for NA ’ s greater than 0.3, possibly due to the f inite size of the scanning spot. Neither the
fringe amplitude relative to the intensity step nor the wavelength show any dependence upon the size of
the index step or the NA of the launching objective.

It is possible to explain these data for some objects in terms of the summation of modes, as was done
in reference 2, or indeed on a mode density/information content basis for more general structures, but a
simpler method applicable to all near field method s can be devised. This describes the fringes as due
to interference between the original launched wave and light Fresnel reflected from the index step. It
is not d i f f i cu l t  to show that fringes produced in this way satisfy all the requirements of the experimental
data and show no significant differences with polarization. They vary in fact exactly as the intensity
step predicted by geometr ical optics var ies, and it seems pos~ib1e that all near—field imaging might be
explained in this way, though this has not proved possible to date. The fringing is also, exce pt for
phase changes, independent of whether the index step is up or down. These results are çs~eciai1y
significant as it can easily be shown that norma]. coherent or incoherent imaging theory ’5’ ~ihows quite
incorrect dependencies. This has been confirmed experimentally using both phase and amplitude test
objects.

In standard near field methods the observing NA is fixed by the f ibre NA — the fibre local NA that
is , which fall s of f towards the edge in graded fibres. This effectively limits the r esolution obtainable,
especially near the edge of graded fibres where the local NA is very small , and this effect  and the lack
of available test objects of known structure makes testing this theory impossible. However, the new
method mentioned earlier uses radiation modes to profile the fibre and its resolution is controlled using
an external stop. Since this stop has of necessity to filter at about twice the fibre NA the resolution
should be improved by about this factor. In order to test the theory for an object with a higher
refractive index than its surroundings a single mode fibre was profiled using both standard and new methods.
The standard method of course gives a curve very similar to the inten sity profile of the f ibre mode , whereas
the new method clearly shows the shape of the fibre index profile , albeit not very cl early.

Much effort has been devoted to the problem of defining the optimum index profile. Less attention has
been paid to the effects o~ qrrors from çh4s profile. Nevertheless two importan t papers have appeared on
this subject, by Olshanskykô~ and Arnaud~l) . Both are corplex and make resort ultimately to numerical
methods to calculate the results. The former treats (among others) sinusoidal perturbations about an
optimum profile, and the latter treats a staircase approximation to the optimum. The theoretical
approaches also differ considerably. So, unfortunately do the methods of presenting the results and the
parameters of the fibres treated numerically. Nevertheless it is possible by examining the equations
developed to deduce dependencies , or likely dependencies on the fibre parameters — primarily on the fibre
radius ~~~~ the index difference parameter ‘~~~‘ and the well—known parameter ‘Vs . Olshansky’s equations
show tha t for constant V the degradation in bandwidth produced by a given perturbation is linearly
dependent upon , and his numerical results (and comments upon them) appear to suggest tha t the effect
of a sinusoidal perturbation depends upon (nLV), where ‘a’ is the number ‘f periods radially. Arnaud ’s
re sults show an approximate dependence on AL for constant a. Using these to adjust the numerical results
so tha t they apply to the same f ibre  shows that the results are actually very similar, except tha t Arnaud’s

• •— — 
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include the effect of the residual second order dispersion and Olshansky’s do not. Considering the
different nature of the perturbations agreement is quite close. Examination of the results shows tha t
they are consistent with the effect of a sinusoidal perturbation varying as (

~~ F( WV)) where F isa function of u/V that is near—cons~ant for low n/V but shows a cut—off behaviour at higher values. In
the vicinity of this cut—off the j1~ dependence shown by Arnaud’s results is found. The resolution of
detail that would be expected from the standard near field profiling method, tha t is the ability of the
fibres’ modes to resolve the detail actually shows very much this dependence, so that the effect of a
perturbation depends upon it being resolved. This simple picture explains the general features of the

V calculated results, but, as Arnand pointed out , perturbations tt wavelengths down to less than half the
resolution limit still have a significant effect , albeit somewhat reduced, and in this context the
extra resolution of the new profiling method is useful.

It might also be deduced that small core fibres of low V value will be less sensitive to the
inevitable errors from the ideal profile than larger fibres. This is probably true and ‘low-mode ’ fibres
with V values less than 10 may be useful as alternatives to single mode fibres for high bandwidth lines.
Assuming longer source wavelengths w’~re used this gives a core diameter of about 25 microns. However,
care must be exercised in choosing such designs ; for example at any given V value optimum insensitivity,
and hence maximum bandwidth, is achieved at minimum i~ , but this will also involve highest microbending
loss. In this context it seems opportune to introduce a new fibre parameter the effective V value V~.This is defined as the square root of the integral of the index difference across the core of the fibre.
With appropriate choice of const5nts this gives the usual V value for step—index fibres, but a new value
for graded fibres. For doped silica fibres it is simply dependent upon the quantity of dopant per unit
length. Ve 2 is also directly proportional to the number of modes in a fibre md therefore the light
coupled from an LED. It is defined for any fibre regardless of gradient and cross—sectional shape, and
a remarkable range of parameters lose their gradient dependence if expressed in these terms , For example
the single mode cut-off in graded and slab guides, and the microbending loss. The dependence of jointing
loss on gradient is somewhat reduced.

Thanks are due to the directors of The Plessey Company Limited for permission to publish this paper.
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NOVEL TECHNIQUE FOR MEASURING THE iNDEX PROFILE OF OPTICAL
FIBERS

by
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~and

R.N. Derosier
Dell Laboratories

Crawford Hill Laboratory
Hol mdel , N.J. 07733

SUI’!1ARY

A novel technique for measuring the refractive index profile of optical fi bers is demonstrated,
which offers substantial advantage s over alternative methods. The method consi sts of illiminatlng a smal l
area of the fiber core and measuring the total transmitted power. The transmi ssion of leaky modes is ac-
counted for in the manner reported previously by other authors . The index profiles of germania-doped fi-
bers obtained by this technique are compared to interferogietri c measurements. The resoluti on is shown to
be limited by wave optics effects to about 

~ 
(4~ ~~ Yt  , where a an/n . The distorsion of the In-

dex profile as the wavelength varies and wave-optics effects are inve stigated.

1. INTRODUCTION

The accurate measurement of index profiles at various wavelengths may help design multimode fi-
bers whose transmission capacity would go well beyond what has been presently achieved. Indeed, numerical
calculations and theoretical analyses (Marcatill 1977, Arnaud 1976a) show that there exists index profi-
les (usually no power—law profiles) which, for quasi-monochromatic sources , provide transmission capaci-
ties of about 1.6/a2 Mbit/s x km, where a dn/n. Measured transmission capaci ties are about 10 times
smaller. In order to determine the optimum profiles , it is Indispensible to know the variation of dnfdA0
as a function of n for the class of materi als considered, with an accuracy of about 1%. The required
variation of dn/dt 0 as a function of n can be obtained, in principle , from measurements on bulk sam-
ples (e.g., Arnaud and Fleming, 1976). One may question, however, whether measurements on bulk samples
are applicable to the fiber material with sufficient accuracy. For that reason , and also because the fa-
brication and measurement of bulk samples is time consumin9, the di rect measurement of index profiles at
vari ous wavelengths Is highly desirable. Once the optimum profi le applicable to the class of materials
considered has been determined, one needs measure the departures of the profile nCr) of the fabricated
fiber free, optimum. Very small deviat ions may degrade considerably the transmission capacity.

An interesting experimental technique for measuring circularly symmetri c index profiles has
been proposed by Gloge an Marcatili , 1973. The index profile is obtained by measuring with a pin hole
the radial distribution of intensity in fibers excited by Lambertlan (e.g., thermal) sources . In a series
of careful measurements, Sladen, Payne and Adams (1975) have shown that good agreement can be obtained between
the intensity in the fiber core and the index profile obtained be interferometry provided the non-zero
transmission of the leaky modes is accounted for. If this correcti on Is made, the fiber samples need not
be larger than about 1 meter and may be as small as 1 cm.

The technique that we describe in the present paper, henceforth called the transmission techni-
que, is related to the near—field technique discussed above, but It differs from it in may significant
ways . Arnaud ( 1976b) has shown that , if one illuminates a smal l area of the fiber core (perhaps of the
order of 4 ) at x, y, the total t ransmitted power is , for sufficiently long fibers, proportional to
n2 (x ,y) - n~ , where n(x ,y) denotes the refractive index at x ,y , and “c the cladding index. The proof
is straight-forward The rays radiated from the illuminated area have an almost uniform distri bution in
the plane kx , ky , where k5, k,, denote the transverse components of the wave vector ~. Because of the
relation k~ + k~. + k~ kt(x,y) (m/c)2n2(x,y) which holds between the rectangular components of ~~ , and
because only ra3’s whose k2 is larger than k5 are transmitted without loss, the power transmitterd throu~ i
long fiber! is proportional to

k~ + k~ • k
’(x ,y) — k~ index profile (1)

(see Fig. 1). The rays in the dotted area in Fig. lb leak away if the fiber is sufficiently long. Other-
wise their contribution to the total transmi tted power needs to be subtracted in the manner reported by
Sladen and others (1975) . If the spot size is less than 

~ 
, one may use as a source ei ther a (coherent)

laser or a (spatiall y incoherent) LED. If, however, the spot size is significantly larger than A , i t  is
essential to use near-Lu~ertian sources such as LEDS . Indeed, coherent beams of large cross—section would
excite predominantly peraxial rays. This would requi re i’itroduc lng additional correction factors.

In the pçesent paper we discuss the principles and limitations of the method, and present expe-
rimental results(’) . The transmis sion method give s results that are , in principle , identical to the near-
field measurements described in Sladen ant others (1975).

(1) On leave of absence at the Laboratoi re des Signaux et Systemes, E.S.E., Gif s/Yvette 91190 FRANCE
(a) After stI mission of this paper, the authors were info rmed that similar experiments were being conduc-
ted by J. Midwinter and others at the British Post Office , and J.P. Hazan et L.F.P., France (Private com-
munications).
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The main advantage of the transmission method , compared with alternative methods, including the near-field
technique , is that it is extremely easy to implement. The results are hig hly reproducible, to bet te r than
on part in one thousandth.

2. EXPERI MENTAL CONDITIO NS

To implement the proposed technique, all what one needs is an ordinary microscope, a hinh-radian-
Ce LED or a laser and a detector. The numerical aperture (NA) of the microscope objective should be at

p least twi ce as large as that of the fiber. One end of the fiber Is properly broken or polished, and cen-
tered approximately under the microscope objective at focus. When the microscope eye—piece Is replaced by
a LED , a small spot of infrared radiation illuminates the fiber end. As we have indicated in the introduc-
tion , the power detected at the other end of the fibe r is proportional to n2 (x ,y) - n2

~ , 
where n(x ,y) de-

notes the index at the point x ,y of the fiber where the light is focused, and n~ the cladding index. To
obtain the index profile, one may scan either the fiber, with a total motion of about 100 um , or the sour-
ce, with a total motion of about 3am . The arrangement shown In Fig. 2 Incorporates a beam splitter
(# 1) to allow the fiber to be observed during scanning. (A second beam-splitter, which combines the light
from two LEDs , Is shown in the figure. It is used only for dispersion measurements.) Some infrared LED5
radiate red light wi th sufficient intensity for direct observation . To obtain a good resolution, i t  is
desirable that the LED act as a point source , that Is , that the apparent size of the LED, demagnified by
the microscope objecti ve, be smaller than the di ffraction-limited spot Z x 0/NA , defined by the numerical
aperture NA of the microscope objective. An apparent emissive diameter of 25 urn (before demagnification )
is adequate . The angular orientation of the fiber under the microscope objecti ve can be varied. A gauge
measures its displacement with respect to the microscope objective.

The advantages of the proposed technique, compared to the more conventional near-field techni-
que, are manyfold.

2.1. In the near-field method, the source is required to be Lasthe rtian and uniform over the
full cross—section 0? the fiber core . As pointed out by Sladen and othe rs (1975) , this condition is In
fact difficult to achieve with LEI~. Itis recessary to use thermal sources instead of LEDs . Thermal sources
(e.g. , tungsten wires) provide poor signal-to—noise ratios when the spectral width is restricteo by
narrow-band interference filters . In the transmission method, one does requi re the NA of the microscope
objective to be significantly large r than that of the fiber (at least for coherent sources), but the re-
quirement concerning the spatial uniformi ty of the source is relaxed. In some sense , the requirement of
spatial uniformi ty is transferred from the source , where it is difficult to achieve , to the detector,
where the condition is easily met.

2.2. The optics is much simplified. One needs only one microscope objective instead of (typically)
three. Thus, the signal-to—noi se ratio is improved.

2.3. Near-field measurements provide the shape of the index profi le but not the absolute value
of an( r )  a n(r)—nc, where 

~ 
denotes the cladding index. In the transmission method, one can cal ib rate

an by measuring the Intensity radiated axially by the microscope objective. This calibration technique
will be discussed in more detail in the next section.

2.4. The transmission method can be combined wi th the Fresnel-reflection technique (for a recent
report of the Fresnel-reflection technique, see, for example, Stone and Earl (1976). To implement this mo-
dification, one replaces the microscope eye—piece in Fig. 2 by a detector.

An important drawback , that applies to both the transmission and near-fie ld methods, is encoun-
tered when the fiber exhibits a low—index region near the cladding. In that case , some modes (besides the
so—called weakly leaky modes) are leaking very slowly, and the interpretation of the measurements becomes
a.t,iguous . The resolution offered by these methods may be marginal when the fiber profi le exhibi ts very
fast fluctuations. Note also that , for non-circular ly symmetric profiles , the correcti ons factors for leaky
rays have not been worket out . If the deviation from perfect circular symmetry Is small , however, the
usual correction factor may be used.

3. INCIDENT BEAM PATTERN AND INDEX CALIBRATION

In order to make precise measurements, the radiation from the microscope objective should obey
approximately the Lambert’ s l aw, at least fOr angles e to the axis that are less than /2a. To verify
that thi s law is approximately obeyed, one translates the detector in front of the mi croscope objective
at some distance d “ A from the focal point. Ideally the variation of the detected power as a function
of the distance r froa axis should be

P(r) ‘ cos”e a (1 + r2 /d2) 2 (2)

The desired variation of P with r in (2) Is shown in fig. 3. The maximum value of r/d cor-
responding to a particular a is given by

rid a (NA~~— 1)~~
’2 (3a)

NA a n0/2~ (3b)

The values of rid are shown in Fig. 3 for typical values of a and n0 — 1.45.

Let us now consider the problem of calibrating an. This is done by measuring the intensity
radiated axially by the microscope objecti ve. Let the power detected in front of the microscope objective
be denoted P m d  the power transmitted through the fiber for near-axial excitation be denoted P. If the
detector radius is denoted ~ , and its distance from the microscope objective focal point is d, the
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NA - no /~ of the fiber is given by

NA (o/d)/i7
~~c 

(4)

where

a [4n~/(n~ + 1)2 ]2 (5)

accounts for the Fresnel reflection at both ends of the fiber. This expression for v~ is not rigorous but
it is suffi ciently accurate for our application. With sufficient accuracy, we can set n0 a 1.45. Then
n 0.93 . Convenient values for d and ,, are d — 10 mmii and p - I mmii respectively. We thus obtain , from
(4) and (5)

NA O.104d
~Th~c (6a)

a a O.OO255(P/P~) (6b)

It is of course necessary to have good breaks at both ends of the fiber. We have assumed that
the fiber lois is negligible; this Is the case for most fibers if the length Is of the order of im or less.

4. REFRACTIVE-INDEX PROFILE MEASUREMENTS

The measurement technique described in previous sections has been applied to graded—index fibers.
The results obtained are highly reproducible, to better than one part in 1000, even after a few hours, i f
the fiber tip is protected by a glass plate and an Index matching fluid. The axial index dip characteri s-
tic of germania (or phosphor-oxide) doped fibers is very useful to define the fiber center and achieve
optimum focusing.

The (uncorrected) transmission profile of a germania-dope d fiber (a a 0.0104, core radius — 24u~)was measured in two perpendicular aximuthal di rections,labe led 00 and 90° respectively. These two profiles
are shown in fig. 4 as plain lines and dashed lines , respectively. We conjecture that, for the small de-
viations from circular syometry exhibited by the fiber investi gated, the usual correction factor is appli-
cable. However, it turns out that interfe rometri c measurements agree better with uncorrected than with
corrected profiles. It is not clear at the moment whether this is due to fiber irregularities, lack of
perfect circular symeietry of the fiber, or systematic errors in experimental techniques.

The theoretical result in (1) shows that the transmission technique is applicable , in principle .
to non—ci rcularly symmetri c profiles , as well as to ci rcularly symmetric profiles. A preform that acciden-
tally collapsed flat (I4acChesney an O’Connor, private communication) has been pulled at our request into
a fiber, and measured. The uncorrected profiles are shown in fig. 5.

One of the most Interesting and intri guing question is whether index profiles ~et significantlydistorted as the wa velength varies (independently of possible changes of scale). Fleming s measurements on
bulk samples of germania doped—silica clearly indicate that profiles should get distorted si gnificantly
as the wavelength varies . This effect , however, has not been observed before on fibers. We report here
preliminary measurements of profile distortion.

The profiles of a ger~nania doped fiber were measured with the transmission method at two wave-
lengths ~~ — 0.79 urn and A 0 a 0.9 urn. The resolution (indi cated by the depth of the central dip)is slightly
poorer at the longer wavelength. When the scanning Is made slightly off-center to avoid the central dip, the
difference between the two profiles (normalized to unity on axis) are found to be extremely small , yet
significant. To exhibit this difference wi th good accuracy, we have combined the light from the two LEDs
with a beam splitter as shown in fig. 2 (if 2). Square pulses are applied to the LEDs . The positi ve parts of
the pulses drive one LED and the negative parts drive the other. The levels are adjusted to have equal
detected powers on the fiber axis , and therefore, zero signal on the lock-in amplifier. The difference
between the two normalized profiles is plotted in fig. 6 (curve b). More precisely, we have plotted in
fig. 6 the °profile distorsion° d .~ A0dn/dA 0, where n N/2a and N 1 - n2/n~, as a function of na.
CCJöCLUSIOm Index profiles can be obtained in
about 1 minute (fiber end preparation and testing). The agreement between our technique and interferome-
tric measurements leaves something to be desired. The discrepency , however, may be attributed to the lack
of perfect circular sy etry of the fiber investigated. Theoretical considerations show that the resolu-
tion is about x/4/2a. For a typical value a 0.015, this resolution is about the free-space wavelength
A 0 a ) 

~m. This appears to be sufficient for most practical purposes.

Comparison of depths of central index dips suggests that the transmission technique (and the
near-field techniques as well) provide better resolution than interfe rometric techniques. We have pre-
sented preliminary evidence for the distorsion of the Index profile as the wavelength varies (profile
distortion), an effect that was infered previously only from measurements on bulk samples. Theories that
neglect profile distorsion may be in considerable error.

We shall new make a few suggestions for improvement of the measurement technique. Immersed mi-
croscope objectives would be useful to prevent interference effects between the objective and the fiber
tip when monochromatic laser sources are used. The processing of the experimental data can be considera-
bly improved if the lock-in amplifier and the gauge have digital reed-outs. The correction factor of
leaky rays should be calculated for the apparent measured profile (rather than for a square-law profile)
end iterated. Non-circularly symmetric profiles can be corrected, in principle, but the correction pro-
blem has not been solved yst. Finally, one may attempt to deconvolve the wave-optics effects that are
most conspicuous in regions where the index varies rapidly. The possibility of performing this deconvolu-
tion is intriguing, but the analytical problem remains, to our knowledge, unresolved. The case of fibers



with an index barrier between the core and the cladding requires further analysis.

Among all the index-profile measurement techniques that have been proposed so far, the transmis-
sion technique that we have described here appears to be the easiest to implement and the most reliable.
Improvement in data processing should make the results quite accurate in most cases .
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Fig. 1 (a) In the transmission method , the micro~cope objective illuminates a small
area of the fiber end, of the order of A~
(b) The intensity is assume d un iform in the kx , k~ space . For long fibers , only
the rays in the shaded area are transmitted. For short fibers, the rays in the
dotted area may also be transmitted (leaky rays). T denotes the power transmission .
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Fig. 2 Experimental set-up of the transmission technique. The fiber is scanned mechani-
cally and its motion is recorded with a gauge . Two LEDS are used for dispersion
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Fi g. 3 The curve shown Is the desired radiation pattern from the mi croscope objective.
It is suffi cient that thi s law be obeyed from r/d — 0 to the value corresponding
to the a of the fiber (e.g., r/d < 0.3 if a • 0.02). The experimental points are
from a IJD2O , NA O.57,microscope objective.
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Fig. 4 Profile of a germania-doped fi ber in two azimuthal planes (0’ and 90”), The
measured NA is 0.202, a • 0.00974, 1 - 1.6m .
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Fig. 6 Profile distorsion. Curve (a) Is calculated from Fleming’s measurements on
bulk samples as reported in Arnaud and Fleming (1976) (Fig. 1, curve labelled
A - 0.9 Mm). Curve (b) is the difference between the normalized profiles at
A0 • 0.79 and 0.9 urn . Curve (c) is the same as curve (b) but corrected for theleaky rays .
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INFLUENCE OF THE REFRACTIVE INDEX PROFILE ON THE TRANSMISSION QUALITY OF GRADIENT
INDEX OPTICAL FIBRES

G. Gl iemeroth, D. Krause, N. Neuro th , F. Reitinayer
Jenaer Glaswerk Schott & Gen., 6500 Mainz, West-Germany

SUMMARY

The problems occurring in the manufacture and investigation of fibres with the refractive
index profile,required by theory ,are described.The fibre core consists of multi—component—
glasses and is produced by the me thod of inside coating of a glass tube and subsequent
collapsing and drawing . The refractive index profile is determined by an interferometric
method and by measuring the near field intensity distribution . The pulse broadening is
measured d i rec t ly .  The influence of different profiles on the pulse broadening is demon-
strated. Typical properties of the fibres: total loss: C 5 dB/krn at the wavelengt~’
850 nm; pulse broadening : l...3 ne/kin; numerical aperture: O,2...O,3.

THEORY OF OPTIMAL REFRACTIVE INDEX PROFILE

Two effects are responsible for the pulse broadening of a gradient index fibre : a) rays
with different angle of incidence have different transit time (modal dispersion), espe-
cially if the profile is not optimal; b) rays with different wave length have different
transit time, caused by the optical dispersion of the core glass (material dispersion) .
The first effect was investigated by GLOGE and MARCATILI , 1973. The transit time differ-
ence is minimized if the core index is formed according to a parabolic profile with the
exponent ~- ‘ 2 — 2 ‘ (an/n). In figure 1 the pulse broadening of 1 km long fibres is
given as function of the exponen to~ representing the refractive index profile. The mini-
mum difference of transit time depends on the difference t~n of the refractive indices on
the axis and at the edge of the fibre core. The value of the delay dif ference  is

~

with L = fibre length , c’ light velocity, no = refractive index of the fibre axis. In
table alues are computed for different values of the numerical aperture
A = n0 - n0 . These values are valid for monochromatic light. In practice the light
source is radiating in a spectral region of about 20 - 40 nm for a light emitting diode
(LED) or about 2 nIp for a semiconductor laser. Therefore we have to take into account
the wave length dependence of the refractive index of the core glass. The transit time
of light pulses in glass is governed by group velocity

Vg = n (l—~~~~~)

The expression D(r) = 1 — j~4~~ ~~~~~ 
is called dispers ions—factor  (ARNAUD , 1975) . It is

depending on the distance r horn the fibre axis because of the varying glass composition
in the fibre core • The behavior of the local wave vector

— 2~~~n (r)
A

is governing the pulse broadening of the fibre . The inhornogeneity of the material dis-
persion is described by

k02 .tk k 2
Dk ~

If the refractive index n (r) depends linearly on composition and varies according to

n (r)2 = n0
2 {1_2 A (.~~’J

with 2A = (n 0
2 — n

~
2)/ n0

2 and a = core radius , one gets the expression

nc2 D0 - DcD 1 +— ,k D0 n0 ~~nc

The index o designes the fibre axis, the index c the boundary of the core. The variation
of Dk in glasses ranges approximately from 0,9 to 1 ,1. If the material dispersion of the
fibre core does not change with r the parameter 0k is unity . For Dk—values smaller than
1 the optimal%—value is lower than 2, for Dk—values greater than f the optimal~~ -value
is greater than 2. In figure 2 the pulse broadening is given as a function of the expo—
nent~~ for the limiting Dk—values 0,9 and 1 ,1. The other parameter is the aperture of the
fibre. The higher the aperture, the narrower is the slope and the larger is the minimum
value . If the fibre should have a limited pulse broadening (for instance 3 ns/km) the
tolerance for thee—region decreases with increasing aperture . This behavior is already
known from figure 1. We suppose it would be possible to generate the optimalac -value with
an accuracy of ± 0,1. Table 2 shows calculated values of the pulse broadening which re-
sult from this os—tolerance . It can be seen that the pulse broadening becomes higher than

- - .--—- 
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3 ns/km if the aperture of the fibre is higher than 0,3. In order to increase the band-
width of fibres with such high apertures the accuracy for making and measuring the pro-
file has to be improved.

PRODUCIN G THE FIBRE

We use the inside coating technique. The inside of a glass tube is coated directly with
layers of multi—component-glasses, consisting of the oxides of Si , Ge, B, P, Sb and

— 
others. The first layers have a refractive index lower than that of the substrate tube .
So the core of the fibre is opticall y separated from the tube naterial. After these
layers with low refractive index the coatings with successively higher refractive index
follow , which will represent the fibre core after collapsing the tube to a rod and
drawing it to a fibre .

MEASUREMENT TECHNIQUES

The refractive index profile is determined by two different methods : a) interferometri—
cally : a th in (several 1O~&un) plane polished and parallel sample of the fibre is in-
vestigated with an interference microscope; b) the near field intensity distribution of
a 3 m long peace of the fibre is measured in the following way (figure 3). The beam of
a HeNe—laser is focused as a spot with 1 pm diameter on the end face of the fibre. The
fibre is moved in the focal plane. The total transmitted light is collected by a detec-
tor. The space between fibre end and detector is filled up with immersion liquid to re-
duce reflection losses. The intensity is recorded as a function of the distance of the
illuminating light spot from the fibre axis. The intensity distribution is proportional
to the refractive index profile. The measurement of the far field gives the numerical
aperture and thus the refractive index difference between axis and boundary of the fibre
core. The index profile can be given quantitatively by evaluation of the two data. The
results of both methods are not identical because the excitation of leaky modes can be
different in both cases. We will always give the smaller values got by the interferome-
tric measurement.

The pulse dispersion can be measured at two wave lengths: 850 and 904 nm (figure 4). The.
input pulses are about 0,2 ns wide (half width) . They are generated by semiconductor
lasers. With a f i r s t  objective the enlarged image of the l igh t  emitting area is produced .
With a second objective the light is focused on the f iber entra nce surface so that the
whole core is illuminated with an aperture greater than that of the fibre . The output
pulse is detected by an avalanche diode and a sampling oscilloscope . The half width can
be taken directly from the recorded diagram . The transfer function can be analysed by a
computer . The measurement at the different wave lengths gives the material dispersion of
the fibre. With two highly reflecting mirrors the light is sent many times through the
fibres. By this shuttle pulse technique a greater length of the fibre can be simulated
and mode coupling effects can be observed.

RESULTS

In figure 5 the index profile (interferometrical measurement) of fibres with different
types of profile are shown. The fibre N 217 has an~~-value of 1 ,2, the f ibre N 204 has
~~ = 3 ,97. In both cases the pulse broadening is higher than that of the fibre N 329 ,

wh ich has ~~~ = 2 ,00 and = 1 ,1 ns/kin. This is according to the theory . These fibres
have an aper ture between o, i ;  and 0,22. The Heinrich—Hertz-Institut in Berlin 1- is made
a 1 ,6 km long digital transmission line with two of our fibres with a capacity of
1 ,12 Gb/s. Our measurement of pulse broadening (with excitation of all modes) has the
r e s u l t  1 ,7 ne/km. The transfer function of this fibre is given in figure 6 . This analysis
gives a nominal capacity of 250 MHz • km. This is valid for full illumination of the
fibre. If the fibre is illuminated by a light beam with smaller aperture than the aper-
ture of the fibre the capacity of information can be improved as the experiment of the
Heinrich—Hertz-Institut shows. This is expected , i f the f ibres have no mode coupl ing
which was proved before.

We have tried to Increase the fibre aperture. In table 3 the resul ts  are summarized . We
have got A-Values up to 0,3. The exponent of the parabola of the profile deviates
stronger from the optimal value than for fibres with smaller aperture . In figure 7 the
refractive index profile is shown. The dip in the center of the fibre is caused by evap-
oration during the collapsing process. It is not important for the pulse broadening .

Figure 8 shows the spectral loss of fibres wi~ h higher aperture. In the short wave length
region the curves decrease proportional to A. ’ . Tha t shows the loss to be ma in ly due to
scattering . The higher refractive index causes higher scattering loss ,because of the grea-
ter composition fluctuations. The absorption band at 950 nm is caused by an OH overtone
vibration. The independence of fibres with high aperture from the influence of mechanical
stress can be demonstrated by the loss measurement. The fibre with A = 0,31 was wound on
a drum wi th weak drawing force and the loss was measured under this tension . The loss
remained unchanged after deloading the fibre by cooling the drum . Another advantage of
fibres with higher aperture is the increased coupling efficiency between an incoherent
light source and the fibre. The efficiency can be increased by approximately 10 dB by
increasing the aperture from 0,15 to 0,50, independent of the radiation characteristics
of the source.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- _ - -------
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TABLE 1: Calculated pulse broadening of fibres with optimal exponent of the parabola
describing the refractive index of the fibre core

Numerical aperture: 0,15 0,20 0,25 0,30 0,35

Pulse broadening (ns/km): 0,015 0,056 0,14 0,29 0,53

TABLE 2: Calculated pulse broadening (ns/km ) of fibres with deviation of the optimal
exponent 

~~
= ± 0,1)

Aper tur e Inhomogeneity parameter Dk
0,9 1 ,0 1 ,1

0,2 1 ,3 1 ,15 1 ,0
0,3 2,9 2,6 2,4
0,4 5,3 4 ,7 4 ,4
0,5 >10 >8 >7

TABLE 3: Properties of fibres with increase.~ numerical aperture

Fibre No . Aperture Exponent - Pulse broadening Core diameter
(ns/km ) (‘urn)

347 0,31 2,9 9,1 46
343 0,28 3,4 5,6 50
350 0,23 2 ,2 3,2 40
319 0,15 2 ,JO 1 ,1 30

FIGURES

1. Calculated pulse broadening caused by modal dispersion as function of the exponent

~ .of the parabola describing the refractive index profile of the fibre core

2. Calculated pulse broadening as function of .~. for fibres with different material
dispersion; curves on the left side for Dk = 0,9, curves on the r igh t side for
Dk = 1 ,1

3. Device for measuring the near field intensity distribution

4. Device for measuring the pulse broadening

5. Refractive index profile of fibres,~~~-value of the approximating parabola
and pulse broadening

6. Transfer function of the gradient index fibre N 360

7. Refractive index profile of fibres with increased numerical aperture

8. Spectral loss of fibres with increased numerical aperture

I

— -—- - ________________ 
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DEVICE FOR MEASURING THE NEAR FIELD INTENSITY DISTRIBUTION
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TRANSMISSION CHARACTER ISTICS OF GRADED INDEX FIBRES

P.J.B. CLARRICOATS, J.M. ARNOLD and G. CRONE

Q~~EN MARY COLLEGE, UNIVERSITY OF LONDON

1. Introduction

The use of graded-index fibres for optical conununication systems is now ur.der
consideration for numerous civil and military applications , and in these either LED or
LASER sources can be deployed. The bandwidth of the system depends on the source
linewidth , the dispersion of refractive index in the fibre, the strength of excitation
of the modes by the source and upon the extent of mode mixing caused , for example, by
microbending. In fibres with refractive index profiles which have a nearly parabolic
dependence upon radius, pulse broadening is slight but, small departures from an
optimum profile can cause a dramatic decrease in bandwidth. It is of considerable
importance to predict the bandwidth of  fibres from a knowledge of the refractive index
prof i le  and source geometry.

The purpose of the first part of this paper is to compare two computational
methods by which the propagation characteristics of a fibre, hence the impulse response
and system bandwidth may be determined. In the second par t, we shall describe a
computer program which determines for a model of a LASER source, the excitation of
modes in an arbitrarily graded refractive index fibre.

2. Prqpagation Character is t ics  of Graded Index Fibres

2.1. Background

Fig. l.a) shows the radial variation of refractive index in a graded
fibre. Other than for certain special cases, the propagation characteristics of the
modes cannot be determined by essentially analytical means and resort must be made to
numerical techniques. In 1970, Clarricoats and Chan (l) proposed the replacement of the
continuous profile by a staircase approximation , as shown in F i g. l .b ) . They were then
able to compute the propagation coefficient, group velocity, etc, by treating the f ibre
as if it were a multilayer dielectric. For the case of a fibre with a truncated
parabolic refractive index profile , their results agreed precisely with those obtained
by an analytic method developed by Kirchhoff (2). However, in 1975 Arnaud and Mammel (3)
described results of an alternative numerical method of solution and challenged the
reliabili ty and usefulness of the staircase approximation for  studying practical  f ibres.

Subsequently Bianciardi and Rizzoli  (4 )  have described an improved computational
method for solving the staircase approximation of Clarricoats and Chan (1) but they have
left open the question as to whether the method is more efficient than that of Arnaud
and M amma l (3)  in its use of computer time . In the next section we describe briefly the
two methods and compare results which we have obtained and which appear to demonstrate
the superiority of the numerical integration method.

2 .2 .  The Determination of Propagation Characteristics using the Staircase Approximation

In the original method of solving the propagation problem using a staircase
approximation , Clarricoats and Chan (1) used the exact vector Helmhoitz differential
equation to represent the fields in each of the layers shown in F i g .l . b) .  Subsequently
many authors have demonstrated that when the refractive index difference between layers
is small , a scalar approximation leads to accurate solutions in the case of step
refractive index profiles. Thus, following Bianciardi and Rizzoli  ( 4 ) ,  we have used a
ecalar differential equation to represent the field in the ~th cy lindr~~ al reg ion :

d 2 E 2
+ + (k2n~~, — g 2 — — o (1)

Equation 1 leads to solutions of the form

cosm4
E — IA J (K r) + B Y (K r)]I 3 (2 )x p m p p In p

j f  W 2 E U  >82 where K~~
2 — w 1c~~ i0 — 82

When 8 2 >w 2 c~~~, I5(k~ r) and X~~(k~~r ) re place J
11
(X~r) and Y5 (K ~ r) res pectively.

In the interior region p — 1 and B — 0  while in the cladding region . Apj . 0.
Similar equations apply to the linearly pJlari.ed transverse magnetic fie3d
components .

Our objective i~ to obtain the propagation coefficient 8. Continuity of 
~~ 

and

~~~ at each c~ kindric&l boundary yields 2 (N—1) independent equatio~’is. This leads to a
~~triX equation of the form

(D3 (X} — 0 (3)

V - ---- - — —
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where ID) is a (2N—l) (2N—l) square matrix containing Bessel functions, their derivatives
and unfilled elements ,{X} is a one dimensional vector of (2N—1) arbitrary constants.
For a non—trivial solution the determinant of ID) must vanish. To obtain a solution,
the characteristic matrix is first transformed into an upper triangular matrix by
Gaussian elimination so that its determinant is ultimately given by the product of the
diagonal elements. By this procedure, and utilizing the sparse nature of the matrix,
the computing time is proportional to the number of layers N , in contrast with the
method originally deployed by Clarricoats and Chan (1).

A flow—diagram for the program to compute the normalised propagation coefficient
L the normalised group velocity Vg is shown in Fig.2. Table 1 list-s the data required
to run the program.

Experience shows that quite accurate starting values are required if the
program is to run successfully. These are obtained from a knowledge of starting values
of J obtained either for a homogeneous core profile or for an unbounded parabolic
profile. Begini~ing with one or other of these, the profile is gradually deformed untilit ultimately corresponds to that of the given distribution.

2.3. The Determination of Propagation Characteristics from a Numerical Solution
of the Differential Equation

Following Arnaud and Mammel (3), we convert equation (1) to a pair of first—
order differential equations thus

1
— - 15*0)

mK
— rA(r)*0 — —~~ (5)

where *(r) is the r—dependent part of E~ 
in equation (1) and ,

*(r )  rmqi0 (r )  (6)

K(r) — r15X0(r) (7)

The initial conditions at r—o are

1 1K~j 
in (8)

r = o  r = o

diP dK
~ 

O j ~~~O r 01 ~~O (9)
r o ~ T~~r = o

At the core-cladding boundary ~~~
A k

~~
(W) ( 10)

itt ’ (r e) AW/r K ’ (W) 
V

where W — (W 2 CCL U O — 82) ½ rc

The above first order differential equations are solved using a 4tI~_order
Runge—Kutta procedure. Trial values of W are iterated until the boundary conditions
are satisfied to within a prescribed tolerance. The flow—diagram for the program is
shown in Fig.3. The input data d i f f e r s  from that of Table 1 only in that the number of
integration points replaces the number of layers used in the staircase approximation.

2.4. Comparison of the Methods

To effect a comparison, (we have determined and 
~a) 

by the two methods of
computation. We have also investigated both the convergenc~ of the above quantities asa function of the number of layers, or points selected in the model and the corresponding
mill time on an ICL 1904 S computer. Wa have conducted comparisons for a number of
representative modes of a parabolic index fibre. The results of this study are contained
in Figure. 4—7.

The results show clearly that for LPo~ modes the advantage lies with the methodby which the differential equation is solved numerically (direct method) when conver-
gence is obtained in an order of magnitude less time than for the stratification method.
For higher—order modes, convergence using the direct method requires more points than
layers in the stratification method but, as Fig.4 shows, the time taken to obtain a

k solution for a point is smaller by more than one order of magnitude than for a layer ,
so again the direct method appears m ore efficient.

- V ~~~~~~~~~~~~~~~~ - --. - V ~~-
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3. Excitation of Modes in a Graded Index Fibre

The configuration under study for modal excitation is shown in Fig.8.a) while
Fig.8.b) shows the electric field assumed for the laser. The investigation extends the
earlier work of Clarricoats and Chan (5) who determined the modal excitation
coefficients when a uniform cylindrical region of excitation impinged on the end of a
homogeneous fibre. In the present extension , the shape of the laser cross—section can,
in pr inc iple,  be made arbitrary and the fibre refractive index profile is not restricted.

The calculation of the modal amplitudes follows closely the method described
previously by Clarricoats and Chan (5) and only an outline is presented here.

Fig.9. shows the cross—section of the fibre end. As a first step the modal
fields are obtained following the procedure of section 2. The laser field is assumed
to have gaussian variations in x and y directions as shown in Fig.8.b). The field over
the end of the f ibre excited by the lasez is expanded in terms of the normal modes of
the graded fibre and the coefficients calculated after application of orthogonal ity
integrals. Fig.lO contains a flow—diagram for the program “Excitation ” , while Table 2
specifies the data required. Use is made of the program of section 2 in order to obtain
the power flow and field distribution of the modes. An integral which effectively forms
the convolution of the laser field with that of the modal field is evaluated by numerical
integration using a S point Bode rule.

The program has been ve r i f i ed  for  known cases and excitation coefficients are
be ing computed fo r  lower order modes of graded index fibres and for various laser
configurat ions.

4. Conclusions

The paper has described two computational methods for determining the
propagation characteristics of an arbitrarily graded index fibre. Comparison of the
methods on an ICL 1904 S computer , shows that the method which employs numerical
integration of the scalar differential equation, is super ior to the stratif ication
technique.

Program details are given f each method also for the deteLmination of modal
excitation when a laser illuminates the fibre end.
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READ DATA
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_________________

\~~ 
VALUE EXIST ?

NO /~iói~ KNOWN TRIAL YES

ASSESS TRIAL W
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p ___________ _________________________________

NLPIY NUMBER OF LAYERS IN “STAII~~ASE”

NPOINT NUMBER OF POI NTS IN “DIRECT”

EN( J) REFRACTIVE INDEX PROFILE , J—l ,
NLAY OR NPOINT

RCORE RADIUS OP CORE

NUMV NUMBER OF POINTS ON DISPERSION
CURVE

VSTART INITIAL VALUE OF V

VSTEP STEP IN V

LJJ AZ IMUTHAL MODE NUMBER

LICK MERIDIONAL MODE NUMBER
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AW ,BW HALF THICKNESS AND HALF WIDTH OF
THE ACTIVE REGION

QX ,QY VARIANCES OF LASER FIELD FUNCTIONS

NXP ,NYP NUMBER OF INTEGRAT ION POINTS OVER
ACTIVE REGION IN X AND Y DIRECTIONS

NPOINT NUMBER OF POINTS AT WHICH TRANSVE RSE
MODAL FIELD IS SPECIFIED

F ( I )  TRANSVERSE MODAL FIELD OVER THE
CORE REGION, I—i, NPOINT
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E N ( I )  REFRACTIVE INDEX PROFILE , I—i , NPOINT
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PQ MODAL POWER FLOW
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DISPERSION EVALUATION IN MUI1TIMODE PIB~~~S BY NTfldERI CAL TECHNI QUE:

APPLIOAI’ION TO RING SHAPED ARD GRADED IND~2 WITH A CENTRAL DIP

A.M. Soheggi, P.?. Oheccaooi, R. Palciai
Istituto di Ricerca aulle Onde Elettromagnetiohe

C.N .R.
Via Panoiatiohi, 64 — Pirenze, Italy

SUHMARY

A method is described which utilizing ray tracing technique and modal rela—
tions allows to evaluate the dispersion characteristics of multimode optical fibers
with various refraction index distributions. The possibilities offered by the method
are 8hown by application to fibers with index distribution ranging from the quasi step
to the quasi parabolic shape. Then the method is applied to oases of practical inte-
rest such as ring profiles and graded index profiles with a central dip.
Dispersion equalization properties are observed for some types of ring profiles , while
the effect on the dispersion due to a central dip in a graded profile is examined by
varying the depth and width of the dip.

1. INTRODUCTION

Dispersion of mu].timode fibers with continuously varying refractive index
can be investigated either by geometrical optics or by wave optics. ~Ib set up a nune—
rical method which utilizing ray tracing technique and modal relations allows to
evaluate the dispersion characteristics of multimode fibers with different index pro-
files.

The feasibility and limits of validity of the method were first proved by
application to losslesa slab waveguidee and by comparing the resu.lts with those obtai-
ned from the analytical solution of the wave equation in the case of a particular
index profile (Scheggi , A.M., et alii, 1975). The method was then applied to slab
waveguides having a transverse index distribution varying from the nearly parabolic
to the quasi step shapes (Scheggi , A.M., et alil, 1975) and finally extended to cylin-
drical fibers with the same radial index distributions (Checoacci, P.F., et alii ,
1975).

The method constitutes a valid tool for evaluating dispersion characteristics
of mu .ltimode fibers with different index profiles and presents a practical interest
because it can be applied for designing fibers with optimum oharacteristios as well as
for performance predictions. Purther, as it will be seen in the sequel, it allows to
poin t out the exietenoe of “ tunnelling” or “leaky ” modes which are not easily predi-
ctable by solely applying either mode theory or geometrical optics.

The present paper is concerned with the description of the method and with
its application to practical oases such as ring shaped profiles and nearly parabolic
profiles with a oentral depression. Fibers with ring index profile can present some
interest for their particular dispersion charaoteristios (Glogo , D., et alii , 1973;
Stolen, R.H., 1975; Nakahara, P., et alli, 1976) while graded index fibers with a
central depression resemble more closely the profiles obtained in practice in the pro-
duction of preforma by C.V.D. technique. Suoh a depression, which is usually conside-
red to be a defect (Burrus, C.A., et alii, 1973) is a common phenomenon 000urring
during the collapse process due to evaporation of the dopant in correspondence with
the central region of the preform. In this work two types of ring profiles will be
e~s~(ned , precisely quasi step and quasi parabolio profiles with different central
depressions. Finally the effect on the fiber dispersion of a oentral dip of various
sizes in a quasi parabolic index distribution will be investigated.

2. DESCRIPTION OP THE ME THOD

It ii well k~iown that ray optics teolmique is an effective tool for study ing
complex propaga tion and diffraction problems of high frequency waves in terms of looal
plane waves and their associated trajectories (the ray paths). In regions exterior to
the souroes and in a regime where the properties of the medium change slowly over a
distance equal to the local wavelength, high frequency fields can be expressed in
terms of local plane waves of the form A ( )  exp UkoS( )) where I and S are spatially
dependent amplitude and phase functions , respectively, and k0 is the wave number in
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vacuum . The phase function S is obtained- by solution of the eikonal equation ( Felsen ,
L.B., et alii, 1973)

(~~~S) 2 
— n2(~ ) 1)

where is the radius vector and n is the refractive index, which must satisfy the con-
dition that its relative variation is small in comparison with the local wavelength
or in other terms

t~~ n I/nk~~~~ i k
0

a 2Tr/A 0 2)

The local plane waves propagate al ong trajeotories that are tangent to VS.
The amplitude function A oan be determined from a transport equation but will be not
considered in this paper.

Starting from the eikonal equation 1) it is possible to derive the ray
equation

~ (n~~~ ) =  Vii 3)

where s represents the distance along the ray. In a cylindrical coordinate system p,
s (!ig.1—a) and for an index distribu tion depending only on the transverse coordi—

nate 9, such equation can be written in component form

d dz
~ — (n ~~) B 0

d d 2
4)

d 2 d .
~~ (zip ~~

) B 0

For a graded index distribution the rays, which in a cylindrical fiber are
nearly all skew to the fiber axis , are trapped by refraction and result tangent to an
internal and to an external caustio whose projections on the normal cross section
(Fig. 1—b) are two circles of radii li and R2 respectively . R1 corresponds to the mi-nimum distance from the axis and R 2 ~o the “ turning point” . B1 decreases for rays
less skew to the axis and becomes zero in correspondence with meridional rays.

In order to evaluate the dispersion characteristics it is necessary to take
into accoun t the radial and azimuthal resonance conditions (Fig.2) :

H
2

~ 
k~d1 = (,~.t+ ~ )Tr 5)

I

J k ~~d,_ 2TT V 6)

where p and V denote two integer numbers which identify each mode. Note that in the
radial resonance condition a phase shift of TT/2 produced by each caustic has been
taken into aoooun-t .

Equations 5) and 6) can be joined to give a modal dispersion relation

~ ~~~~~~~~ 
k

5
2

— ~ 2,,2 
J
1/2~~, — (p’ + ~ )TV ; k~.. k02n2(f) k~

2+ k
r
2+ k5

2

Obviously when V 0 such relation leads to the transverse resonance oondition for
the bidimensional case (Soheggi , A.M. ,  et alii , 1975). Henoe modes with ~ — 0, which
correspond to meridional rays , represent the modes of a slab waveguide.

Once the trajeotory of a generic ray is evaluated it is possible to deter-.
mine through sqa . 5), 6), for each pair of values p, V , k0 and hence the propagation
constant ~3 — k5 and the group delay t~, . L/C(d43/dk

0
) CL is the fibre length and o the

light velocity in vaouo).
‘V

3. QUASI—STEN, QUASI PARABOLIC PROFILES

Let us consider a oylindrioal waveguide of radius a and an index profile of
the form (Ikeda , U., 1974)

n (f)_n2 + _____i.j___27___ .~]. 
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__

-

~ 

V - - 
-~~ V - ~~~~~~~~~~~~~~~~~~~~~~-~~~ -- - V



32-3

which for different values of the parameter C ranges from the quasi parsbolio to the
quasi step shape (Pig.3).

After substitution of expression 8) for the index distribution system 4) has
been numerically solved by the Runge—Kutta-Gill’s method for C - 40 and C — 4, thus
obtaining the ray trajectories which allow to evaluate the integrals representing the
resonano. relations in explicit form:

k0 J 2 n sina1ooae
~ d, - (,~+~~~)TT ; k~ - k0n sineZ

oose
?

k np  ainO eine~ d ? B  2 ff%/ ; k~~- k ii sinO sunO,~ 10)
0 0 

5 j 0 5 r

from which k , k ~ k n coa9 and ~ are obtained for each pair of values of,M and ~) .
Note tha t fo~ a ~tve

~ 
ray k5 reeult~~’simnltaneously proportional top. (when,~~ 1/2 )

and V. Consequently once th~ curves of/I and ~ versus k0 are obtained , for a given
Lode, corresponding to a pair of values /4 , V ~~~~~~~~ curves for other modes can be obtal
ned by the same simply multiplying the k scale by a constant factor . However in
plotting the results we will use the well known normalized Gloge notations (Gloge , D.,
1971) that is: 

_________

v - k0a4n 1
2_ n2

2 normalized frequency

11)
b — (f ~/ ~ — n2)/(n 1 

_n
2) 

normalized propagation constant

d(vb) 
~~ ! 

~2
— ——— — —.~~~——— normalize d group delay

V

Fig.4 shows as an example the normalized group delay and propagation constant of a
set of modes (p~ 10, V —  0 ,5, 10,25 ,50,100) plotted versus normalized frequency v for
a quasi step index profile (C 40). For large values of v, /3 tends to k0n1 while b
and d(vb)/dv tend to 1; at cut off where /3 = n2k b = 0, while d(vb)/dv ~i 0 and
tends to zero for V’*O. The out off condition (~~= n k~,) corresponds to a launching
angle with the generatrix e = aroos(n2/n1) = 0 whiã constitutes the cut off angle
tha t is the angle below whi~ h the rays (and th8 corresponding modes) remain trapped.
However it turns out , from the computations, tha t for 9~~ e~, b can assume negative
values corresponding to /9~~n~,k0 and the rays remain still trapped before being comple-
tely radiated outside the fiber. They constitute the io called “leaky or tunnelling
rays” (Marcuse , D., 1973; Snyder , A.W. , 1974). Such rays (and the corresponding
modes) propagate in the fiber but with attenuation , because they undergo an optical
tunnelling through an evanesoent region beyond which they emerge ~s external radia-
tion. Modes with V — 0 which correspond to meridional rays do not present the
tunnelling regions.

Analogous dispersion curves for the same set of modes are shown in Pig. 5
for the quasi parabolic profile. As it was to be expected the dispersion in this case
is very low. The three trapping, tunnelling and radi3ting regions are present also
here , but the tunnelling region results reduced with respect to the preceding case.

The propagation in the three regions can be also examined by plotting the
square magnitudes of the various components of the wave vector k as a function of
the radial ooordunate~~ (Gloge , D., et alii , 1973). Pig.6 shows such a plot for the
quasi—step profile (C — 40) and for the quasi—parabolic profile (0 — 4) for the mode
s. 10, V. 50 and for three values of v chosen in the trapped, tunnelling and radia-
ting regj~ona reepegtively . In the firs t case (v = 89) the ourvo v2/~2 intersects the
curve k

0
’n2(f)  — / 3 ’  at  two points 9 =  R .~ and p . R 2 where kp — ~ k ~n2 (p ) _ I ~2 _~?2/p2J12iui0.

For H
1’9 C. B2 kp is real and propagation occurs in the anular regIon defined by the

two caustics of radii H 1 and H2 respectively. For p&R1, ~ ‘R 2, k? is imaginary and
the field is evanescent. In the second case (v = 69 for the quasi—step profile and
v . 75 for the quasi—parabolic profile) the curves intersect also at a third point
for p — B 3 where again kp — 0; kp is real for R 1’9( H2, 9’ B3 and is imaginary for
~o t R 1, R2 4.p c B3. B3 represents the radius of a third caustic and defines an evane-

scent region through which the mode ener~~ tunnella before re—emerging (for p B )
as free radiation. In the third case (v — 54 for the quasi—step profile and v —for th. quasi—parabolic profile) only one intarseotion occurs a t f .  H 1 and kp is
imaginary for 9 t H 1 or real for ~~~~~~ The field is evanescent within the caustio
and radiating external to that. Note tha t the values ohosen for v in the tunnelling
and radiating regions are different for the two profiles because the tunnelling

~
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~

r - —
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region in the quasi—parabolic case is narrower; in fact the two curves V2/p2 and
are almost parallel when p increases ( p >  R 2 ) so that their oroscing

occurs only in a restricted range of frequency after which the tunnelling region
disappears.

The behavior of the caustics bounding the trapping region for the different
modes can be easily obtained from the ray tracing computations. Figs.7—a,b show the
radii H 1 and R2 of the two caustics for modes with different azimuthal nwnbers plot—
ted versus v for the two examined profiles which are sketched at the right hand side.
Zn the quasi—s tep case (Fig .7— a ) the interna l caustics are spaced depending on the
azimuthal number V • On the contrary the external caustics are all concentrated in
correspondence with the high index gradient at the boundary of the fiber. Consequen-
tly the regions bounded by pairs of caustics corresponding to different modes have
different widths, so that the ray paths and hence the optical paths (as ii is cons tant)
result different with a consequent large differential group delay . For the quasi
parabolic case (Fig. 7—b ) also the external caustics are spaced due to the low gradient
of the index , so tha t the bounded regions exhibit the same behavior with the frequen-
cy for the different modes. Further when ~) increases such zones are shifted towards
a region of lower index : as a consequenoe the ray pa tha increase with ~) but the
optical paths result again practically equal for the iifferont  modes and the group
delay differences very small.

4. RING SHAPED PROFILES

Ie considered two sets of ring shaped profiles : quasi—step and ~uasi—para—
belie ring profiles with  variable dimensions of the central region (Fig.8).
In both cases we utilized the index distribution given in expression 8) with suitable
modifications. For what concerns quasi—step index profiles we considered the case
corresponding to C — 40 modifying the central region by means of an analogous but
reversed profile (Fig.8—a). The quasi—parabolic ring was obtained by joining two iden-
tical profiles corresponding to C = 4 in expression 8) and varying the distance 2~between the vertexes of the two profiles , which on turn implies a variation in the
depth of the central depression (Fi g .8—b ) .  By applying the method precedingly descri-
bed the propagation constant and group delay were evaluated in a number of cases.
Fig.9 shows the group delay curves plotted versus frequency for a family of modes
(p= 10, V=  1 ,5, 10,25,50) in three cases corresponding to different values of the
central depression width 2ai and depth d. The case of quasi—step profile is also
reported for comparison. The most relevant effect is the equalization of dispersion
for a number of modes . Then the width 2ai decreases the number of equalized modes
decreases and, if for a fixed value of 2ai the depth d decreases, such modes result
still equalized but only down to ~i certain frequency, below which the dispersion in-
creases again. This effect can be better understood if one observes the behavior of
the caustics defining the region of trapping for the propagating rays or modes . The
radii B 1 and H2 of the internal and external oaustios respectively have been plotted
in Fig. 10 versus v for the four cases shown in Fig.9. The corresponding profiles are
plotted at the right hand side. In the cases of maximum depth (a = n 1—n 2 ) one can
observe in correspondence wi-tb the internal step of the index an overlapping of all
those caustics which in the absence of central depression are located just in that
region, so that the modes remain confinud in a small region, tha t is in the anular
region between the int- .nal an d external steps of the index . The corresponding opti-
cal paths result equalized with reduction of group delay differences. Then the depres—
sion depth decreases the internal caustics still overlap but only down to a certain
value of v below which the rays can a’~ain penetrate the central region with ~ conse-
quent spreading of the caustics and hence of the dispersion. The group delay curves
are shown in Pig .I 1  for the same set of modes in two oases of quasi—parabolic ring
profiles. These profiles are inf’-~rior from the dispersion equalization point of viewwith respect to the ~jua.~i—step ring profile. This was to be expected if one thinks in
terms of location of the oaustics ,whioh in this case cannot result concentrated
nei ther  in the vicini ty or the internal depression nor at the boundary of the fiber
due to the slow index gradients .

5. QUA~I-PARAB0LI C PROPILI ,7I TH A 0EN~~AL DIP

To the purpose of examining the effect  on the dispersion characteristics of
a central dip in a graded profile we applied aga in our nurierica]. method to a quasi—
parabolic profile (C = 4 in expression 6) , where the central region is mat chud with
a curve of the type sin x ,’x (Fig .12) . A plot of the normalized group delay versus v
is shown in Pig. 13 for three different oa~ ea corresponding to different values of the
depth d and width w of the ,...ntral depre~ aion. Also here the case of graded profile
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without central dip is shown for comparison. The dispersion increases when either
d or w increase, and the number of perturbed modes increases with w. Again this
effect can be better seen if one observes in Fig. 14 the behavior of the caustics.
For the sake of simplicity only the caustics corresponding to the most perturbed
modes are shown. The continuous line correspond to the depressed profile while the
dashed lines correspond to the unperturbed profile. As already noted in section 3.
in the case of a graded profile the zones defined by the caustics present a width
varying with frequency in the same way for the different modes but shifted when
increases towards lower index regions so that the optical paths result practically
equal with consequent minimum group delay differences. In the presence of a central
depression such regions tend to ovwrlap when the frequency varies down to a certain
value of v below which there is a spread of the caustics with a differentiation in
the bounded region widths. As a consequence the optical paths and hence the group
delays result equalized in the overlapping region, although presenting a value diffe-
rent from the previous unperturbed one, due to the different index region oocupied.
The group delays result differentiated for the different modes in correspondence
with the region of caustic spreading. Obviously the effect is less evident for smaller
depressions. In order to have an idea of the orders of magnitudes let us consider a
fi~’er with n1 = 1.46 n2 = 1.45 and having a diameter 2a of 50 pm.

Table 1 shows the values of the dispersion obtained from the curves of
Pig. 14 at a wavelength A = 1 pm.

n1 = 1.46 ; n~~= 1.45 ; 2O = 5O pin ; X = i p m

d/(n1— n2) w/2a dispersion (ns~~~~)

0 0 0.6
0.25 0.1 0.9
0.9 0.1 1.2
0.9 0 .2 1.9

These values indicate that there is an increase of the dispersion due to the central
~iip in the index profile; however the case of minimum depression we considered is
closer to realistic eases and gives rise to an increase in dispersion which may be
n.2gligible especially if one takes into account also the material dispersion which
in the present treatment has not been considered.

6. CONCLUSION

The results described in the preceding sections have shown that the repor-
ted method whose feasibility had previously been shown (Scheggi, A.M., et alii, 197~ )
is suitable for application to a variety of index profiles. In particular it was
possible to examine , from the dispersion point of view, types of profiles which find
interest in the practice, such as ring profiles and graded profile with central de-
pression. The most relevant results are tha t ring profiles present equalizing proper-
ties, while a central dip in a graded profile can affect differently the dispersion
depending on the width and depth of the dip itself. ‘11th dimensions closer to reali-
stic cases,such as obtained with good CYD preform produotion process, the dispersion
increase can be negleoted,also in comparison with the material dispersion.
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Pig. 1—a The cylindrical coordinate system and two generic trapped rays a
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Fig. 3 Index distribution ranging from the quasi—parabolic (C =4) to the
quasi—step profile (C 40).
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Fig. 5 Normalized group delay d(vb)/dv and propagation constant b versus norma—
u sed frequency v for a set of modes ( Is.= 1O ,~ # .  0,5, 10,25 ,50, 100 ) for
a quasi—parabolic index profile (C = 4) .
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examples for the quasi—step (0 40) and quasi—parabolto profile oases
(0 — 4 ).

_______ ____________________________________ ________________________________________

_____ - , 
- - - -~~ a, -~ --



12 RI

1110 f 

50 

=~o

\ IS.__
a. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— a
-~~~~~~~~~~~~~~~~~~~~~~ :=— —— ~~

.__-=.-=•= ==~~~==.= F—

v—i

0 
I 20!I0 ~r n 2

I)

~~~~
. 

~~~~~~ I I ’, I

‘50
~~‘ ‘io s25 -‘

•~~~~ - ~~1~~ ’~~\ 
\~~

Ih \ \ S

‘ ‘ \ sa 
~ 

.- -.
— a

.~ ‘5 N.~ — ._

y 
~~~~~~~~~~~~~

0 b c  200 “ I “2
V n

b)

Pig. 7 Radii of the internal (R 1) and external (R 2) caustios bounding modes
with different azimuthal numbers plotted versus v.

—a Quasi—step profile
—b Quasi—parabolic profile

_ _ _  
-~~ -. -~-_ _ _ _ _ _ _ _  - - _ _ _ _ _ _ _ _ _ _ _ _  -

- ~ ~~~~~~~~~~~~~~~~~~~~~~ -



32- I l

T ci
S

I-.. 2a

a)

_ _ _ _ _  

t

ipt

-

J 

__

Pig. 8—a Ring quasi—step index profile

—b Ring quasi—parabolic index profile

_ _

_

_ _ _  — 
_ _ _ _ _ _ _ _-- __

_ _ _ _ _ _ _ _ _ _ _ _ _

____  _ _ _ _ _ _



3212

I i
l-t i

• 

. 

~~~~~~~~~~
I ‘4 _::
~
:::::::: :::1 ;~ ~~~__________________________  ________________________  ~ ~~~~~~ 

c~j g,
ii Ti a .. 0

~~~ I 1~

~

I ~~~~~~~

II S I) n

1/ ~ i i
/ I I I I

~2t~;i:h ~ ~~~~~~~~~~~~

3- II’ 
- —

4
-

~~~~ 

- _ _ _ _ _ _ _  - 

-t 
--



32-13

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

,I o -a-~o
I, -II
II
II 5I
II

p I
4.. 

I
I S ~~

o S e

.
~~ ‘: 8I I

i ii L
~ i

_ _ _ __ _ ____10 

____________

S

_ _ _
a 

_ _

i-l U 0
Lg I ’ .8 ~a N

-~.La i’i C,- ..,

~
‘I •.-, ~e

::‘ 0 s g

,.

‘ iti’ 
.

5 

an L

III :t I
-
~~ 

I ’I -
~~~~

11 s
I II I
j ,’; ~i ‘7: ~ -4i

i 

~~~~•0 - 0

I’
- t .

~

•-



3 2-1 4

oo

~;
0.~ ; I :  :

100
—

Ii

0 200
V

Pig.11 ?4ornalized group delay plotted versus normalized frequency for a set
of modes (/‘= 10 ~~ — 1,5,10,25,50,100) and for two oases of quasi—
parabolic ring profile: 1 — a— i  (upper), 1 — 2(a—l)(lower).

n

2a —---..I
1.

uig.12 Quasi—parabolio index distribution with a central d.pressien. - 
-

-~~~ -- - 
__________



32- IS

11.10

1r15pSd1d~~) 
~
.i(((

25/ S lOl l

OS I tu~~slI~~

o — I 

—

10

21 so( 100
,
/
i

0.5 f ~~~~~~~ I
o J __________________________________

S 10
1 -  

t ... 4/~ ,
,—

—

~

~~~~~~~~~~~~~~~~ ~~~~~~~~

Pig.13 Normalized group delay of a set of modes versus normalized frequen cy for
the quasi—parabolic profil. and for three otass of different depression..

_____________________________________________________________________________________________



.12- l~

y- 1  -
~~

\ 
a

\
\ 

~~~~~~~~~~ 
.

5
’ 5._ 

.5.
- 55 

0 200 fl1 l~
V n

Pig.14 Radii of -the internal (R
1

) and external (R 2) oauatios versus v for a set
of modes in the two cases of abaenoe of depression (dashed lines) and
in the preaenoe of a maximum depression (continuous line).

- -. 

---_ _ _ _ _ _ _ _



33-I
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SUNMARY

The propagation in a multimode ostical fiber of a finit,—bandwidth ontical carrier
modulated by a nonstationary signal is investigated . The fluctuations of the field due to
r.ndom sode—cousling are considered and the set of counled e’~uat ions  deecrtb lng their evo~
lution is derived. In narticular, this allows us to investigate the nropagation of a fre-
quency—modulated signal and to obtain a gen~raI theorem con~ern1ng the asymototic behavior
of mode—sower fluctuations.

1 .  INTRODUCTION

The propagation of a stationary monochromatic carri er in a multimode optical fiber
in the presence of mode—coupling has been extensively studied by Marcuse (1) , in the fra
me of a statistical approach based on the introduction of an ensemble of similar fibers
slightly differing from a common ideal structure for the oresence of random imperfections.
Tb. procedure allows one to write two closed systems of differential  coupled equations for
the single—mode powers averaged over the ensemble of fibers and for the correlati~
ons < P  P > (1’),(2). The extension to the nonstat-Ionary r~ imanochromatic case has been
aeeo.pl!. Red, for what concerns the average powers <P  ). , on an intuitive baste by Mar_
cuss (1) and by means of more rigorous treatments by 4reonick (3) and Steinberg (4).

We generalize the mtsttsticel approach to furnt ah the evolution of the quantities

) and < cc(z ,~~~
)c

~
(z , i~

) ’)  er (z ,(
~
)” ) c

~
(z , A 3 ’ ” )  ) ,  where the

are the slowly varying mode—aapl tude~’t and the bar denotes the averagi ng operation over
the source fluctuations. The knowledge of these quanti t ies allows us in turn to describe
the behaviour of the fi eld and of its fluctuations in the general situation in whi ch a fi-
nite—bandwidth carri er is amelitude or frequency—modulated.

An other significant result concerns the asyinptotl c behavior of the single—mode po~
wer fluctuations, which tend to vani sh as a consequence of the f ini te  carrier—bandwidth ,
so that , in the loeslese case , power equipartttion among modes takes place not only on the
average, but over each fiber of the ensemble (5).

2.  DESCRIPTION OP ELECTROKAGNETIC PROPAG ATIO N IN A FIB ER

The t ransverse part of the electric and magnetic fields excited in a fiber by means
cf a finite—bandwidth source can be approximately wri t ten in terms of the forward traveling
guided modes !~ ~~ as (1)

f  tg,~t - i ~~~~(A ) ) z
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~~~ !~~E’w 0) o ( z ,j,~ ) • 
a dw ( 1)

f i~ ) t— i ~~~(4))sH(r.z,t) — !c(r ,
~

Q.
) e~(s ,~~ ) e dM3 , (2)

where £ and a ar. the transvers, and longitudinal coordinates , 
~ 

,,(~II) represents the pro~
pagation constant of the eth mode at the ( angular ) frequ ency ~ , and the realistic rela~
tion betwesn the bandwidth ~ A) and the central frequency 

~~~ 
of the signal

<_ < 
‘ (3 )

allow, on. to evaluate the code configurations !m(E,4)) and fl~(r ,4)) at The a—depen

_-- --- . _ _



dence of the slowly—varying mode amplitudes is associated with  the departure of the fi~ber structure from the ideal one to which the configurations ~~~, H pertain. The eleotromagnet1~ power carri ed through an arbitrary sortion of area ~r ofiny gi ven fiber sectiona — conet . can be expressed in terms of the comnlex Poynting vector S (6)

~~~~ I E X H ”  (4 )

where the bar indicates the averaging operation over the source fluctuations , as

- Re ~ ~~ di . (5)

Mere “Re ” means “real part of” and e is the unit vector in the positive z—dtrec
t ion . By means of E q s . ( 1 ) , (2 )  and (4) , Eq.t~ ) ytelde

r~ 
c—

P’(z,t )  = ~ ~~ ~~~_ 
A~~(z~t ) , ( 6 )

where -,
5. ( ( ( i(~~3_LJ’)t_t [(~ ((~~)_ j~i (~~‘)j zA,,~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ e ‘

m r

0• (7)

The total power carried by the field is obtained by integrating e.S in Eq.(5)
over the whole plane a — const . . This oneratl on furnishes, with the he].plf the ortho
gonality relati on between the nodes (1)

= 2 P~~ , ( 8)

where P is a p- sitive normalization constant and is the usual Kronecker symbol ,

P~
(a , t )  = P,,1(z , t )  , (9)

where
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cm
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can be interoreted as the sower carried by the mth mode . It is worthwhile to note that
the interference terms between the various modes disanpear in the exnre ssion of the to~tal power P~ , whIle they are sresent in that of P~~
3. STATISTICAL DESCRIPTION OP PROPAGATION

The random nature of the imperfections unavoidably present in a real fiber suggests
some statistical procedure as the most natural way for descri bing the orosagation in opti~cal fi bers. This is accomplished by I ntroducing an ensemble of simi lar fibers, each of
which differs from a common ideal model for the sresence of random imperfections, and to
evaluate the average of the si gnificant ~,uanttties, e.g. ~~~ P and 

~~~ ‘ over this ensem~_
ble, which in turn is e’rnlvalent tz consider < c (a,i~ )c~ (z , ce)’)> as the basic ‘iuantit y.

In order to test the relevance of thi n %pnroach for what concerns practical ejtua
t ions , in  which a single fi ber I n  usually emnloyed , one has to investigate the statisti
cal f luctuat ’ons around the average values . This leads to consider higher order averages
of the k ind ~~ cm (z , L.) ) cv ( z ,~ &j~

) cm (s ,~~ o ” (z ,~tJ’”)~’,< c (z ,M3) c”( a ,Ø’) ~~~~~~~~~~~~~~~~~~~~
-
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One starts from the system of e iuations describing the evolution of the c ‘s in the
si ngle fiber , whi ch reads Ci) m
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CI) ) — K~~ (z )  e , (12)

the K ‘s being suitable coupling coeffi ci ents , vanishing in the case of an ideal fi ber.
By usThg E n . ( 1 1)  one can easily derive the following equations
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which hav e to be averaged over the fi ber ensemble. The resulting enuatione can b.~ t~~~~ in
the form of closed systems under the homogeneity assumotlon

< K (z)  ). = 0 , ( i 5 )

~ 
K~~(a)K~ ,(a — ~ — ~~~~~~~ (~~ I ) , ( i 6 )

provided that the coupling ~s small enough that the c ‘e do not si gni fi cantly vary over
the correlation length of the statistical variables K~~. In this way one obtains (see also
Ref.(7) ) , as a first signi ficant result,
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The real part of can be shown to be a positive quanti ty (7) , so that
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vani sh for a large enough ( or are identi cally zero if they are such at z—O ’I.
The lowest—order •nuations , concerning single—mode powers, read (see also Refe.(3)

and (4) )
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which constitutes a cl.os:d set of equations.
The hi gher—order terms, concerning mode—power fluctuati ons and mode—mode correla~tions, cannot be considered separately since they form together a closed set of equations,

which reads
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4. SOME APPLICATIONS

The set of equations governing the behavior of the average mode—power <
can be easily obtained by taking advantage of Eqe. (1O) and (23), thus getting ( 3 ) , ( 4 ) , ( 7 )
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~~

-

~~ )1,, 
(28)

is the grous velocity of the mth mode. On the other hand, Eqs. (6) ,(7) and (10) allow one
to write

~~~P~~~z , t ) >  =~~~~ K P~~z,t)> +~~~~~ ~~~~ <A ~~~~~ 
, (29)

is m~~~r

where the <P~~z,t) > sossess the same space—time dependence as the < P~
(z ,t) > . Sin~ce a frer,uenc~ modulation of the signal does not affect the .( P )  ‘s , the dependence on

thts modulation of < P’(z,t )>  is contained in the < A~~>1s,
iswhtch vanish when consi~dering the sower transmitted through the whole section of’5~he fiber. From Eqe.(7) and (17)

i t  follows that (7)
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where
—i ~~ t

!(t) = E(z=0,t )  e . ( 3 1 )

Equation (30) shows that mode—coupling affects the propagation of a frequency—mo~
dulated signal in an ensemble of fibers only for the presence of a s~~tial damping factor
characteristic of each couple of modes. More precisely, if one excites at the fiber in_
put only two modes m and r , all interference terms but < Ar’> vanish throughout the fi~
ber (see E~.(l7)), while the surviving term propagates as the absence of coupling but
for the spatial attenuation.

The set of Ens. (23) and the set of Eqs.(25) and (26) allow one in principle to de-
termine the nuantities ~ P (z ,t)> , ~( P~(s ,t) ~ and <P

~
(a ,t )P (z ,t) > , Snd thus the

fluctuations whose eiagnitud~ furnishes a ~riter1 on for the appliobility of the etatistical theory to a single fiber.While the general solution of Eqs. (25) and (26) ii a foraida
ble  task, an iinporte.nt particular result can be obtained. If one introduces the energy
I
~

(a)  perta ining to the mth mod e

I~(z) = J P~
(z
~
t)dt — 27rPJ ’ c.(z~ A ) c ~ (z , A ) )  d M 3  , (3 2)

it can be shown ( 7) , by means of Ene.(25), that, under the cond it ion
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QUESTIONS AND COMMENTS
ON SESSION IV

DISPERSION EVALUATION IN MULTIMODE FIBERS BY NUMERICAL TECHNIQUE: APPLICATION TO RING
SHAPED AND GRADED INDEX WITH A CENTRAL DIP
A. M. Scheggi, P. F. Checcacci , R. Falciai

f Dr. L. Felsen: The ray method employed in the paper is equivalent to the WKB procedure ,
which is known to be inaccurate for the very low order modes. Could you comment
on how well your results compare with exact solutions for the low order modes for
those special cases where exact solutions are available?

Dr. Checcacci Fhe cgndition which must be fulfilled for the application of the method
is that lVnh /kon 4 <<l.  In principle such a condition is not satisfied for very low
radial order modes. Comparisons with some special cases for which the exact
solutions are available (see Scheggi A.M., Checcacci P.F., Falciai R., 1975
“Dispersion Characteristics in Quasi-Step and Graded Index Slab Waveguides by
Ray Tracing Technique” in Journ. Opt. Soc. Am. 65, 1022) show that the method in
those cases is quite valid down to modes with r~~ ial number i~ of the order of someunits. Hence we can surmise that for slowly varying index distributions
the method is correct at least down to modes having such radial order numbers.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - ~~~~~~~~~~~~~~~~~~~~~~~
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and provided that a exceeds the enuipartition distance beyond which < I > — .< I ~~. ,
the following relation holds is fl

< I >~~~ ~~<
-I

~~~
2

2 ~~< ~ ‘
< till >

which implies that the statistical uncertainty of the nuantity I (a) over the fiber en-
semble is negligible, so that mode-energy enui partttion takes pILe over each fiber. This
last consideration holds true in the absence of losses or, more in general, i f losses are
not effective over the characteristic length after which E~.(34) is verified .
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INJECTION LASER TRANSMITTER FOR LONG DISTANCE

FIBER OPTICS COMMUNICATION

Ernst Schiel and Gerald Talbot
US Army Electronics Command , Fort Monmouth , NJ

Henry Kressel
RCA Laboratories, Princeton , NJ

SUMMARY

The design and development of an Injection Laser Transmitter for a tactical
long distance fiber optics communication link are described . The double hetero-
structure GaAlAs Laser is configured in a “triple—stripe” geometry which can feed
the optical output power into a linear array of three fibers. The laser structure
was grown by the liquid phase epitaxial method and optimized for high peak power
operation at a duty factor of ten percent. (Average pulse repetition rate is 10 MHz
and pulsewidth is 10 nsec.) The laser chip is mounted in a prototype pill package,
which is placed on a thermoelectric heater/cooler keeping the operational temperature
of the laser at l50C. A special drive circuit utilizing a high power field effect
transistor (FET) in the last stage was designed to drive the laser at a peak current
of 2 A to obtain 250 mW peak output power. Efficient coupling into graded index
fibers was accomplished by lensing the fibers by a new technique. Life tests on
three lasers showed no degradation after 7000 hours of operation. The feasibility
of a high power injection laser transmitter has been proven by the development of
an operational prototype.

An important military application of Fiber Optics Technology planned for a
long distance data link which connects the switch with a radio site in an Army
command post. This full duplex data link can extend to a maximum length of 8 km
(5 miles) and the repeater spacing in the presently used coaxial cable link is
0.8 km (0.5 miles). Four parallel coax cables each carry approximately 5 Mbits/sec
for a total of 20 Mbits/sec. The large number of repeaters affects adversely the
mean-time between failure (MTBF) of the presently used coax link , wh ich is also not
electro-magnetic pulse (EMP) and electro-magnetic interference (EMI) proof.

The design of a fiber optic link to replace the coax link is based on graduated
index fibers with low attenuation and dispersion. Six fibers are packaged in the
f iber optics cable , three fibers carry information in one direction and the other
three in the opposite direction.

To compensate for fiber and connector losses and maintain a high signal-to-
noise ratio, even under adverse conditions (high loss connector or breaking of a
fiber), a sensitive silicon avalanche photodetector is used in the receiver and a
high power transmitter is also required .

A laser transmitter was designed for this special requirement. The same signal
has to be launched into three fibers. Therefore, a configuration of a triple—stripe
geometry was chosen which can feed power into a linear array of three fibers (Figure 1).
Since there are no stringent limitations on power consumption on the end points of
this fiber optic (F.O.) link (switch and radiosite), the temperature of the injection
laser can be stabilized by a thermoelectric heater/cooler.

The complete injection laser transmitter consists of the triple—stripe laser
(Lockwood , H . ,  1976) ,  a high current pulse drive circuit and the thermoelectric
heater/cooler , and a three fiber pigtail which leads to an optical bulkhead connector
of the modem.

GaAlAs double heterojunction lasers designed for this program combined the
following characteristics:

(1) Lasing emission at 820 urn in the region for low loss fiber transmission;

(2) Minimal beam divergence;

(3) Low thermal resistance to minimize the therma l gradient in the device ;

(4) Long lifetime (10,000 hours minimum).

To achieve long lifetime , the laser is used in pulsed operation (pulsewidth
t m 10 nsec). At an average pulse rate of 10 Mbits/sec (half of 20 Mbits/.ec), the
duty factor is ten percent. Pulse power can be increased compared to a CW laser
biased at threshold . The short pulse duration also allows for pulse diepers~on inthe long distance link. The triple stripe DH laser was developed to meet the following
significant performance characteristics:



(1) Peak power output - 250 mW;

(2) Drive conditions — 2A current pulse, 10 nsec pulsewidth at a pulse
repetition rate of 10 Mbits/sec;

( 3 )  Emission wavelength - 820 nm at 3000K;

(4) Laser configuration in a “triple—stripe” geometry for coupling into
three fibers spaced 125 urn center—to—center in a linear array;

(5) Laser output must be coupled efficiently into a multimode fiber with
a NA — 0.15 and 75 urn core diameter;

(6) Minimum lifetime — 10,000 hours.

The laser structures were grown by the liquid-phase epitaxial technique as
developed by RCA Labs. The triple-stripe lasers are a variation of the CW laser
designs. Figure 2 is a schematic cross section of the laser showing the dimensions
and doping specific to the triple-stripe device. The composition of the active
region yields a lasing wavelength of approximately 820 urn. The oxide—defined
contacting stripes are 25 urn wide, separated by 125 urn, and have common metalliza-
tion. Due to current spreading under the contact, the width of the lasing region is
approximately 50 urn per stripe for a total emitting width of 150 urn. The diodes are
mounted using pure In, with the p—type GaAs cap layer nearest the heat sink.

Each laser has both a reflective and anti-reflective coating on the back and
front facets , respective. The anti—reflective coating is approximately 1200 ~ ofAl203, while the reflective coating is a composite of 2400 N of Al,03 followed by
300 ~ of Cr, 100 ~ of Au , and 2400 ~ of Al203. The net effect  of Ehe coatings is
to increase the end losses and to raise the threshold by perhaps 20 percent above
that of uncoated lasers from the same wafer. However , we have shown in the past
that a low-reflectivity facet coating decreases the susceptibility to catastrophic
damage (Ettenberg , M., 1971).

The threshold current density of the diodes is approximately 2500 A/cm2. Figure 3
shows the output power as a function of current for 10 nsec pulses at a repetition
rate of 1 kHz where self-heating would be negligible and at 10 MHZ where the maximum
temperature rise would occur. There appears no significant change in output between
these extremes.

The behavior of the threshold current as a function of temperature is shown in
Figure 4. The corresponding change in both the coherent and the incoherent peak
emission energy appears in Figure 5. Since the temperature interval is rather small,
the latter relationship is essentially linear with a slope of 0.51 meV/°K. These data
were taken at sufficiently low duty cycles so that internal heating was completely
negligible. If the average power is increased so that there is considerable self-
heating of the laser , the spectral shift can be used to calculate the thermal impedance.
With a power dissipation of 0.52 W, the spectrum was observed to shift by 3.69 meV,
corresponding to a temperature rise of 7.240K and a thermal impedance of 140 K/W.
For comparison , the range of thermal impedance measured on well—heat sunk CW type
diodes is 10 to 20~ K/W.

A typical far-field pattern for a triple—stripe laser is shown in Figure 6. In
the plane perpendicular to the junction, the beam width full-width-half-maximum (FWHM )
is 490 ; in the parallel plane it is 110, and is operating in the second-order lateral
mode. The beam is strongly polarized with a transverse electric (TE) to transverse
magnetic (TM) ratio of about 11 dB. (The usual degree of polarization for narrow DH
lasers is in the range of 10 to 20 dB). With the beam of Figure 6, the coupling loss
into a numerical aperture of 0.14 was measured to be approximately 7 dB. Therefore, of
the 250 mW output power, 50 mW is available to the three fibers or 17 m W per fiber.
This figure can be improved by designing the laser with a lower degree of optical
confinement. Figure 7 is the far—field distribution of a triple-stripe laser with a
modified cavity. The beam is 37° FWHM perpendicular to the p-n junction and only 6~in the lateral plane. The coupling loss, at NA — 0.14 is 5 dB for this device compared
with 7 dB for the previous example. However, the reduced optical confinement results in
an elevated threshold current and drive current to achieve the same total output power
of 250 rnW. For a given dr ive current , the proper optimization from the system point of
view, of course, would be to optimize the power coupled into the fiber rather than the
total power.

The observed values of the threshold current density and beamwidth correlate
closely with theoretically predicted values. On the basis of the difference in
Al concentration, dx , between the active region and the bounding regions of 0.27, the
estimated step in ths refractive index dn — 0.62 dx — 0.17. With an active region of
0.21 pm and emission wavelength of about 0.8 dm, the following calculated values
follow from the theory of Butler (Butler, J. K., 1977)

Comfinement factor r — 0.6,

Beam width e — 47 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_
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QUESTIONS AND COMMENTS
ON SESSION IV

DISPERSION EVALUATION IN MULTIMODE FIBERS BY NUMERICAL TECHNIQUE: APPLICATION TO RING
SHAPED AND GRADED INDEX WITH A CENTRAL DIP
A. M. Scheggi , P. F. Checcacci , R. Falciai

Dr. L. Felsen: The ray method employed in the paper is equivalent to the WKB procedure,
which is known to be inaccurate for the very low order modes. Could you comment
on how well your results compare with exact solutions for the low order modes for
those special cases where exact solutions are available?

Dr. Checcacci~ The cgndition which must be fulfilled for the application of the method
is that IVnI /kon’<<l. In principle such a condition is not satisfied for very low
radial order modes. Comparisons with some special cases for which the exact
solutions are available (see Scheggi A .M., Checcacci P.F., Falciai R., 1975
“Dispersion Characteristics in Quasi-Step and Graded Index Slab Waveguides by
Ray Tracing Technique ” in Journ. Opt. Soc. Am. 65, 1022) show that the method in
those cases is quite valid down to modes with r~~ ial number p of the order of some
units. Hence we can surmise that for slowly varying index distributions
the method is correct at least down to modes having such radial order numbers.
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Summary of Session IV
PROPAGATION

by
H. G. Unger

Chairman ’s review and conclusions

Most of the papers were addressed to fibre characteristics and their characterization.
Methods of measurimg the index profile were presented and criticalj.y evaluated, and the
influence of the index profile on the transfer function and on pulse dispersion were
discussed. Particular emphasis was given to fibres of low and intermediate values of
the fibre parameter, v.

It is expected that fibres with low v-values have dispersion characteristics which
do not degrade quite as critically with deviations from an optimum index profile as
do ordinary gradient index fibres. They are however still large enough in core size
to allow easy splicing and coupling.

Problems which are still to be solved for low v-value fibres are the optimum profile
with respect to delay dispersion , the degrading effects of imperfections such as
microbending on multimode signal transmission in such fibres, and the fabrication of
such fibres as well as the experimental verification of the theoretical conditions.
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The calculated threshold current density based on the theory for undoped active regions
yields an expression of the form (for — 30 — 100 cmmr 1) (Stern, F., 1973)

- 

~th 
— 

~~~~~ 
(~-~ 

+ 

~l)

where B — 0 . 0 3 8  cm/A at 300 K and 
~l 

— 4100 A/cm2. For a diode with a reflective
coating~

— r + 0fc~ ~~ 
(
~ 

+ Ln 1)

For the facet coating used , R — 0.05, L — 15 mils , a0ut — 10 cm 1
, and nf~~~ 10 cm~~.

Hence , 90 cm 1, and 
~th — 1460. With assumed to be — 0.7, we calculate

~th 
2000 A/cm2, in good agreement with the experimental results.

The coupling efficiency from an injection laser into a flat cut fiber with low
numerical aperture (NA 0.14) is rather low, as the measured values demonstrate.
Coupling can be improved by lensing the fiber end (Benson , W ., 1975), however , the
method of melting the fiber end by a microtorch or focussed CO2 lasers to form a
hemispher ical lens, produces a lens surface which has too large a radius and therefore
does not provide optimum coupling. We are now applying a new technique for highly
efficient coupling into step or graded index fibers (Tinusermarmn , C., 1976). The
cladding of the fiber is etched to reduce the fiber diameter to nearly the core
diameter . Then , the fiber end is cut and dipped into a low rnt’.lt ing glass to form a
small lens. Three fibers prepared in this way are arranged in a linear array so that
the lenses are positioned opposite the emitting faces of the triple stripe laser .
Coupling efficiencies exceeding 60 percent, corresponding to a peak power of approxi-
mately 150 mW , from the laser into three graded index fibers with a core diameter of
approx imately 80 urn and NA 0.2 can be obtained .

A prototype pill package (FIgure 8) was designed which first was closed by a
thin (app roximately 100 urn ) glass window in front of the laser . In the f ina l
assembly the window is replaced by a block of molded plastic in which the linear array
of th ree fibers is imbedded . The best alignment is achieved by operating the laser
and moving the plastic block mounted on a micropositioner until optimum coupling has
been achieved.’ Then , the plastic block is affixed to the package by a thin UV-curable
epoxy preform .

Life tests on three lasers were performed under the specified operating conditions
(P — 250 mW , t — 10 nsec , PRR — 10 MHz). The power output was continuously monitored
anS no change observed after 7000 hours operation at room temperature in a laboratory
environment. This is a strong indication that the 10,000 hours l i fe time goal is
quite reasonable.

A drive circuit was first designed to utilize a high power VHF bipolar transistors
in the last ampl if ier stage , but problems with regard to ringing and pulse-to-pulse
stability were encountered . The reproducibility of these circuits was also not
completely srtisfactory due to the variation of transistor characteristics. High power
junction FETe (VMP-1 manufactured by Siliconix Inc.) were tested and proved to be
capable of high speed operation Ct 10 nsec). These devices provided stable operating
conditions at peak current levels of 2-3A and were-finally utilized in the last
drive stage. The complete schematic of the drive circuit is shown in Figure 9. For
convenience in testing, a crystal controlled 10 MHz oscillator consisting of a
NAND-gate and a 10 MHz quartz crystal ware included in the design. The second NAND—gate ,
which can be addressed from the 10 MHz oscillator or from an outside source, is used to
generate a short pulse which is then amplified in a transistor stage. In the final
drive stage, using the high power FET, the injection laser is protected from D.C.
overload by capacitive coupling.

The injection laser package is mounted on a one-stage thermoelectric heater/
cooler (model ST 1046 manufactured by Marlow Industries, Inc.), which is designed to
cool or heat the laser diode to a preset temperature over an ambient temperature range
of +7loC to -40°C. The heat pumped by the thermoelectric cooler is passed through a
finned heat sink and removed by forced air convection. The blower (Rotron Aximax 1)
providing forced air for heat sink cooling also provides additional air for down-
stream cooling of the drive circuit. The cooler ii capable of maintaining a 0.5 W load
at 150 C with a controlled surface accuracy of + 30C, which is more than su f f i cient for
stable operation of the laser.

The temperature is sensed by a thermistor mounted to the controlled surface which
is part of a bridge network. The temperature set—point can be varied by increasing or
decrea .img the resistance of a potentiometer in the bridge. A voltage divider network
supplies a constant voltage level to one input of a differential amplifier , the other
input is supplied by the voltage divider network formed by the thermistor and potentio-
meter. When the bridge is in balance, the two voltage levels from the divider are the
sane. The differential amplifier amplifies the difference between the voltage 1’~vel.

- 
-~- ~~~~~~~~~~
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from the two signals of the bridge, and the output of the differential amplifier drives
a transistor network which regulates the power to the thermoelectric cooler.

Figure 9 shows a sideview and Figure 10 a topview of the laser transmitter. The
injection laser mounted on the thermoelectric heater/cooler is in close proximity to the
output pads of the drive circuit and connected to them by copperbands. This arrangement
provides neglible inductive losses and miniMizes distortion of the pulse shape. The

~~ laser and cooler are heat insulated by foam, in which a channel for the three fiber
pigtail is cut. The laser transmitter is RF shielded by a metal housing covering the
complete laser transmitter including the drive circuit.

In summary, the feasibility of a high power injection laser transmitter for long
distance, tactical fiber optics communication has been proven by the development of an
operational prototype. During the development of the prototype transmitter , numerous
improvements based on availability of new components (e.g., fast  high power FET) and
new technologies (e.g., coupling techniques) were incorporated into the design.
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~alnAsP/InP DOUBLE -HETEROSTRIJCTIJRE LASERS FOR FIBER OPTIC COMMU NICATIONS’

J. J. Hsieh
Lincoln Laboratory, Massachusetts Institute of Technology

Lexington, Massachusetts 02173, U.S.A.

SUMIIARY

This paper report s the performance of broad-area and stripe-geometry GaInA sP/InP double-heterostructure
diode lasers prepared by liquid-phase epitazy. These lasers have the advantage that exact lattice-matching between
the GaInAsP active region and the InP substrata is possible for quaternary alloy compositions giving emission wave-
lengths over a range that includes 1. 1-1.3 ~im, the optimum region for optical communication systems utilizing
fused silica fibers. Continuous operation at room temperature has been achieved in this region both for proton-
defined stripe (PDS) anti junction-defined, burled-stripe (JDHS) lasers. Near-field observations of the JDBS lasers
show total optical confinement, wi th no spreading of the radiation outside the buried stripe for cw operation at 20%
above threshold or for pul sed operation at 8 times threshold. Three PDS devices, the only GaInA sP/lnP lasers to be
life-tested so far , have already logged over 20(X), 1600. asil 1200 hours, respectively, of cw operation at room
temperature without any degradation in output power, thra~~ioLd current, or emission spectrum.

Diode lasers have a number of characteristics that make them very prom ising sources for use tn optical
communications: they are small, efficient, conveniently modulated at high rates, and capable of being fabricated
into integrated optical (‘/0) circuits on a single chip. However . conventional double-haterostructure (DH )
GaA s/GaA IA s lasers have emission wavelengths in the range between 0.7 and 0. 95 ~m, which is not ideal for
optical communication systems utilizing fu sed silica fibers. In addition, the yield of these lasers with operating
lifetimes long enough to be practical has been low. We will show in this paper that DH GatnAsP/InP quaternary
lasers are likely to be a much better choice for use in fiber optic systems.

Optical communication using fibers has recently become practical because of a marked reduction achieved in
the attenuation of silica fibers. Figure la shows the attenuation of state-of-art laboratory fibers (1-IORIGUCHI , M.,
1976) which has a mini mum value of about 0.5 dB /kzn between 1. 1 and 1.3 ~m, compared with about 1 dB/km for the
emission wavelength range of GaA s/GaAlAs lasers. The material dispersion (PAYNE , D. N., 1975) of silica
fibers , as shown In Fig. lb. approaches zero near 1.25 ~im but is -~ 70 ps/mn/km in the GaAs/GaAlA s laser wave-
lengin range. Furttiermore, experiments with certain silica fibers Indicate considerably more resistance to
neutron and gamma radiation at 1. 1 ~~ than at shorter wavelengths (MAURE R R. N., 1973). Therefore the ideal
diode lasers for fiber optic communications should have their emission wavelengths In the 1. 1-1.3 ~m range. In
addi tion they should be both reliable and easy to fabricate. The GalnA sP/InP lasers sati sfy all these requirements.

In DII diode lasers close lattice matching between the active region and the adjacent barrier layers is neces-
sary for efficient device operation. However, in the other two types of alloy lasers being investigated as possible
sources for the 1.1-1. 3 i&m range -- GaInAa/GaInP (MJESE, C., 1976) and GaAsSb/GaA)AsSb (SUGIYAMA , K.,
1972 and NAHORY . H.. E .,  1976) -- there is a significant difference in lattice constant between the alloy active
region and the GaAs substrate used for epitaxial growth. As a result of this mismatch the fabrication process is
made considerably more complicated (and laser reliability most probably reduced ) because it Is necessary to grow
intermediate buffer layers, graded either continuously or step-wise In composition, between the substrate and the
barrier layer just below the active region. The alloy compositions of the buffer and barrier layers, as well as that
of the active region, must all be carefully controlled.

In contrast to the other alloy lasers, GalnAsP/InP lasers have the important basic advantage that the
GaInAsP active region can be exactly lattice-matched to the tnt’ substrate . In FIg. 2 the room-temperature bandgap
anti correspond ing wavelength of alloys in the Gal_XIn,~Asl~~Py system are plotted against lattice constant. The
portion of the dashed vertical line lying within the shaded ai’ea represents GaInAsP alloys that have the same lattice
constant as tnt’, giving a possible wavelength range from 0.95 to 1.7 i&m at room temperature for lattice-matched
GalnAsP/InP lasers. Since taP has a higher energy gap and lower refractive Index than any of these alloys, In
principle both carrier and optical confinement can be achieved by simply growing successive GaInAsP anti tnt’ epi-
tax ial layers on an ml ’ substrate. In practice , an laP buffer layer is first grown on the substrate in order to smooth
the irregularities caused by thermal etching of the substrate during pre-growth heating. Figure 3 is a  photo-
micrograph of a cleaved cross section through a heterostructure, grown by liquid-phase epitaxy, that Incorporates
such a buffer ayer . It should be noted that even in thi s somewhat more complex structure only the composition of
the Ga1nP~aP active region needs to be controlled, since the composition of lnP layers is practically independent of
the ~ompoe1tion of the In-P growth solutions.

Diode laser operation In the GaInAsP/InP system has been olxalnad for active-region compositions spanning
the entire lattice-matched range shown In Fig. 2, although laser action has been observed only at 80 IC for the two
exuenw a of the range, tat’ Itself ( ISMAILOV, 1., 1975; WE ISER , IL, 1964) end the P-free limit (Ga0 465i~) 535Aa)(NAGAI, H., 1976; HSIEH, J. J ,  1976). Our attention has been concentrated on compositions yieldin~g room
temperature emission in the 1. 05-1.3 ~im wavelength region. For this reason, Fig. 4 shows the lowest values of
threshold current density, Jth’ ottai ned for room-temperature pulsed operation of broad-area DH GalnAsP/InP
diode lasers grown on either (111)B- or ( 100)-oriented taP sebstrates. Most of these values lie between 2 and
4 kA/cm2. As In the case of Dli GaA s/GaA IAs lasers, Jth is .~Ot sensitive to active-layer carrier concentration
over the lower .1017 to 1018 cm 3 range. The lowest Jth’ 1.5 kA/cm

2, was observed for a laser emitting at

This work was sponsored by the Department of ti~ Air Force.

_  - _ _



35-~

1.1 ~~ with a cavity length of 380 ~m anti active-region thicki~ ss of 0,4 ~m. For tide laser the reduced threshold
is 3.8 kA/cm2-iMn, comparable to the values of 3.54 kA/cm -~&m reported (PANISH, M. B., 1976) for
DH GaAs/GaA1As lasers. The gain and loss values for this laser are about 15 cm/kA and 38 cm~

1, respectively,
and the beam divergence is about 40° in the plane perpendicu1a~ to the junction. These characteristics are also
similar to those of GaAa/GaAIA 5 lasers.

Continuous room-temperature operation of DH GaInAsP/InP diode lasers emitting at wavelengths between 1. 1
antI 1.25 ~m has been achieved by using various device configurations in which current flow is confined to a narrow
stripe in the plane of ti~ junction. Initially cw operation was ollalned for stripe-geometry lasers in which proton
bombardment Is used to define the width of the active region by strongly increasing the resistivity of the tnt’ barrier
layer outside the stripe (HSIBH , J. J ., 1976). Figure 5 is a schematic diagram of such a proton-defined stripe
(PDS) device. For PDS lasers with a stripe width of 13 ~m, we have ot*alird cw output power of S mW per facet at
a dc current of 240 mA and an external quantum efficiency, 1l

~p 
of 26% per facet at emission wavelengths of 1. 1-

1.5 ~m. We have also prepared oxide -defined stripe (ODS) lasers in which contact windows in an oxide layer are
used to define the active-region width, although cw operation has not been achieved for these devices.

For both the PDS antI ODS lasers, as the stripe width decreases below about 15 ~m the threshold current
density rises rapidly due to lateral spreading of the Injected carriers and the stimulated radiation from the sides of
the stripe. However, fox efficient coupling of a diode laser to an optical fiber the width of the laser active region
should be matched to the diameter of the fiber core, which is only about 5 ~m for some single-mode fibers. To re-
duce lateral spreading we have recently fabricated two types of buried-strIpe lasers, designated as junction-defined
(JDBS) anti oxide-defined (ODBS) devices. In these lasers the GaInAsP active region is entirely surrounded by laP,
thereby providing lateral as well as vertical carrier anti optical confinement. As in the case of GaAs/GaAlAs
buried-stripe DR lasers (TSUKADA, T., 1974), such confinement has produced a marked reduction In total thres~i-
old current for narrow stripe widths.

For all four types of stripe-geometry lasers the variation of room-temperature pulsed threshold current
density, Jth(~)’ 

as a function of stripe wIdth, s, is shown In Fig. 6, where the ratio of Jft(s) to the threshold
current density for broad-area devices from the same wafor , Jth(~)’ 

is plotted against s. Note that the relative in-
crease In Jth(s) with decreasing a is greatest for the ODS lasers aixi becomes progressively smaller for the PDS,
ODBS, and JDBS devices. For the JDBS lasers j th(s) is only 65% hIgher for s = 5 ~m than for broad-area devices.

FIgure 7 Is a photumicrograph of a cleaved cross section thrOugh a JDBS laser structure with a stripe 5 ~m
wide, to whIch the current is restricted by means of an tnP p-n homojunction that Is reverse-biased when the
[nP-GaInA sP p-n junction over the stripe Is forward-biased. WIth thIs structure we have achieved room-
temperature cw operation at emission wavelengths of 1.21 antI 1.25 ~m, with an output as high as 17 mW per facet
at a dc current of 500 mA and ‘id of 10% per facet Near-field observations of these lasers show total optical con-
ftnemeit , with no spreading of die radiation outside the burled stripe for cw operation at 20% above threshold or for
pulsed operation at 8 times threshold.

It should be mentioned that cw operation of Jl)BS lasers has been obialned with eIther the grown aide or the
substrate side soldered to the heat sink. When the latter configuration was used the total thickness of the device
was reduced to 50 u.m by lapping dewn ti~ substrate side before mounting. In this case the ow was lound to be
only about 25% higher than tI~ pulsed J~ for the same laser. This scheme should facilitate the tight extraction and
sImplIfy device fabrication procedure for future I/O applications.

Because the development of GaInAsP/InP lasers has been so recent, life-test results are neceasarily quite
limited. However, these results are perhaps the most striking so far obtaIned for these devices. In the initial
tests, three PDS lasers prepared from the same DH wafer are being operated continuously at room temperature,
anti the dc operating current is adjusted periodically to keep the output power constant to within * 20% at a level of
2 to 4 m W  per facet. Figure 8 shows the operating current as a function of time for these three lasers over their
fIr st 1400, 1000 antI 600 hours, respectively. No significant changes in current are observed; the small changes
shown were due to changes in heat sink temperature, not to device degradation. These three lasers are still in
operation, having so far logged over 2000, 1600 antI 1200 hours, respectively, without any significant change In
operating current, threshold current or emission spectrum. These re~u1ts provide a very encouraging Indication
that it will be possible to obtain a high yield of GaInA sP/InP lasers with sufficiently long operating lifetimes for
practical applications, and they strongly suggest that these devices do not suffer from the reliability problems that
have seriously plagued GaAs/GaAIA s lasers (PANISH . M. B., 1976).

In summary , we have fabricated lattice-matched GaInAsP/lnP DII diode lasers that exhibit room-temperature
cw emission between 1.1 anti 1.25 ~~~ The simplicity of fabrication, appropriate wavelength range, excellent
operati ng characteri stic s, efficient heat dissipation, anti probable reliability of these lasers make them leading
candidates as sources for fibe r optic communication systems.

The views anti conclusions contained In thIs document are those of the
contractor anti should not be Interpreted as necessarily representing
the official policies, either expressed or implied, of the United States
Goverisnent.
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Fig.7 Photomicrograph of cleaved cross section through junction -defined , buried-stripe
DH GaInAsP/lnP diode laser
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Fig.8 Operating current required to maintain constant output power as a function of time for proton-defined,

stripe-geometry DH GalnAsP/ lnP diode lasers. The small changes observed in current are due to changes in
heat sink temperature
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Un prthl~es inprtant ran~~~tr~ ices de la fthricat.tat des diodes lasers ~5t lie I l.a difficsilté de
reproduire de fegce satisfaisante leurs caractériatiques - Lea diodes lasers fabriquees dana notre labo—
ratoire scmt du type ~~ible h~térostruct1re, de z&~e ~nsttrice 12,iixn localisee par iepiantaticzi prot~~i-
que peu profczile.

A cth~~ ae êtape izrp)rtante de La fabricatia~ (d~pOt des c~iitacts oliniques, clivage, sciage, soudure)
des tests scz~t effectuês de faça~ I verifier is qualit4 de l’cpêratiai. L influance de chacune de ces
cçeratici-~s sur lea caracterist iques des lasers a eta etudiee . ~~i pertio.1lier le role des ormtraintes
induites an a~irs du processus a été mis an évidance,

D’autre part, des oritères de sOlectiQis a-it ~tê déterminés de faça~ A OUnthier , aussi rapidesent
que possible an cxiirs de la fabricatics lea Clbienta &ait lea caracteristiques seraiant insuffiaantes
p~~r lea ~~~licatioria oramunicaticais ~~tiques.

C~i a cbters.i sinai une reductiai notable de la dispersiai des caractéristiques des lasers.

The nDst inçortant problan enoruntereti for the producticm of lasers diodes is the difficulty to
repraluoe satisfactory performance for these light ønitters -

In this paper, ve present the main results of a study performad with the aim of fliproving the
repr~x1icibility of these czjipjients ,

The lasers diodes desiquel in our laboratory are of do.ible heterostructure type, grca~n a-i GaAs
substrates ; they have an enitting stripe of 12~,un wide forimd by a shallc~~ protcu plantaticu.

At each isport ant step of productiai (d~~~eitiai of clinic a~ tact, cleaving, es~,ing, lxnding)tests have bean set up to thed the quality of the ~~eratiou - The inf lue’.ca of these cperatia s a-i tie
characteristics of the lasers is diso.issed . The influence of the stresses induced during the prooess
is pointed cut .

(~~ the hand , criteria have bean derived to eliminate at early stage the chips which worild have
e,thlbit insufficient characteristics for ~~tical cxnmznicaticu a~~licatices -

As a general result of this study, a reductice in the dispersice of the performances has bean
achieved for the lasers produ~~~ through these tests set up ala-ig the pralucticu line.

I. )Nrw.x~rIcv

Uns progrès cxmsiderables cs-it CtI réalisës ass dern.tCres anudes dans le dunaine des lasers a seni-
axiducteirs - Un oertaln naitire de laboratoires cut obtanu des lasers ayant fcucticune an .xintirai pesiant
plus de 10 000 hanres W (2) ~~~ Pious avous egalansnt obtanu , an laboratoire , de tels lasers. Toutefois
s’il eat relativenant aisé, actuelleient, de realiser quelques lasers presentant de bounes caractéristi-
ques cptiquea at une dur6e de vie de cat ordre, ii eat plus d.tfficile d’avolr une bame L~~~oduCt1biUte
de fabricaticu at surtait de prévoir , a priori, la ã.irOe de vie de ass ~~~xsants.

Ce mangue de reproductibilité petit etre attrthiê aux défaits eicistants dana lea ~~zthes épitaxiales
at I ~~ix introdults par l.a proo~dé de fabricaticu.

Pious avous pr&,éiistnnent ator~ie le prthl~ne de l.a reprcsiucti.bilité de fabricaticri - Dana le present
article nous praciscus 1’ influence de certains parasétres at plus particsaliAreient des czsitraintes déve-
]cçpees bra de La fabricatia-i .

II. FABRICATIa~1 1.ASEI~
Lea lasers uttlisés salt cki type ~~.ible hetérostructure, A geasêtrie ruben, pernettant un fcuc,~icu-

an ~~~~~itiii~ A teaperature erbient.e -
Lea épaiasejra at cxmpositicins des cxuchea ~pitaxialea Bait dcs-inées dana l.a tableeu I.
Lea omtacts oliniques Bait ocmstituêa d’un d~~Ot n*tallique allis (AuSn!IWAu) odte substrat at d’un

d~pOt ncu allis (Ti/Pt/la.i) odtê epitaxie Aucane diffusicri de zinc n ’est effecb.i~e car oette cpêraticzi
ma a ’ avêre pea indispensable A 1 ‘obtenticu de bass ocstacta . La resistance tIe cs.ztact, odt.ê epitaxie,
reste dana ass ux~~itiaia inferianre & io~ c~in an2

La zene active eat localieée par isplantaticu protanique pan profcnde. Lea plaguettes Bait airs
clivøee an pea tIe 400,un lxiis lea barrettes obterues acut aciées an poces C1~ientairea de 4~~c300,,un. lea
picas e~~it anaiite acudées 1 1 ‘indiun sur un rediateur de csaivre dccê - I.e a-intact stpArieir eat ainstithe
d’isi ruben d’cr.

La fig. 1 ns~ tre un laser realise an laboratoire.
La prcceasus de fabricaticin sinai que lea ~~ itx8les effecth6s east reaui*s dens le tablesu II -
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iii - c~n’~~~ ~ ~~.~~ria~i ~~ ~ FABRICATIG1
1. Caract risaticin des plaguettes 4pitaxia]ea

Pour chague plaquette, enviras dix lasers barges (sans structure ruben) east saaiés mir be alicort
usual tIe façczi A tester sea proprietés : densité de ~~ rant de seuil, rendeient externe diffCrentl~l ~~
at résistance eerie. Lea pr~~riétés thenniques east êvaluêea en Otudiant lea variatlais du o~irant tIe

~~~ sau l I en fascticn tIe l.a temperature - Pious avass verif is, en a~~~rd avec Hayashi qua l.a loi de5 T2-T~Variatias tIe I~ er-i fanctias tIe l.a temperature noyanne T tIe )asct.taa eat I5(~1~2 )  ‘
~~(Ti ) - ercp ( -~~~~ 

) -

eat une ixa-istante hamogene A une t6m *rature q.ii caractérise is thexmigee -
Aprés un certain narI~ e d’açériences préUininaires nasa avams retenu lea critlres tIe eé]ectias

suivaits
- densité tIe cxairant de seuil ~15 1800 A/aim2

- résistance eerie ~ 0,4 olTs (lasers 400 x 125/i)
- T~~ 120° K.

2. CaitrOle du clivage at sciage

Ces cpératiass n~ posent plus de prthl~ies inportants. Saulement 0 A 5 % des picas sast Cliumthmêes
A as st~~ par tn visuel.

3 ‘Fri sass pointe des picas lasers avant ecudure

Ce test cxzisiete en tin trace, an régine inpulsia-mnel, tIe l.a caractéristi~~~ Puissance opt ique =
F(cx,urant de polarisatias) . La fig. 2 représente un histogrerime des ~~irants de sau l (I

s
) des lasers

12/zn.

Au ~~irs tIe as tn, lea lasers dast I~ eat tx~ j eleve (Is> 200 mA pair lea lasers 12,txn) east Cli-
mines. Las picas sast Cgalerment tniées visueblement; celles gui présanterit des dCfauts bela gee protubC-
ranass, rayures, trams dens las orintacts ohnigues, etc - . .  east a-msidCrCes arre manvaises. Au total

10 A 20 % des picas east OllininCes an ~~irs du tn sass pinto.

4 Caractérisaticu des lasers aprCs urritage
Pious czntr8lass de faças systCmatique sur cheque laser las parenétres suivants

txazrant tIe sau l, ra~iament exterue diffCrentiel ()7Ø) an reginneinpilsiasnel at cxmtinu , résistance sCrie,
dlagramn~~d’dmissicru an champ proche et lointain at ba résistance theunique R~~.

Pair une ~~udie Cpitamciale dcinnCe, eat dCtenninC A partir du décalage en lcrugueur d’aide du spec-
tre d’ 4,nissias. Rth eat cxmpris an gCnCral entre 20 at 35° Cl’J~ jxur lea lasers 121in. Lea etudes de

dunCe de vie dCcrites am paragr~~ e suivant cut nrntrC qua lea lasers dast R.~~ > 50° CM ’ east A C]Jmni-
rier A cause d’une dunCe tIe vie irisuffisante .

5 Tests de dunCe tIe vie

Un test tIe prCvieillisaament eat effectuC de faças systénatique sur lea lasers A structure ruben .
La puissance lunineise initiale eat fixCe A 5 n14 at be anarant eat maintanu ~~ustant.
Ces tests cut rusjmtrC gee cartaina lasers cut des dunCes tIe vie infdrieures 1 2(5.) herm es anvircin - Pan

antne osux gui ma east pea degrerles de façcn significative mm tam e tIe ass 200 hanres cut des dunCes de
vie aupCnia.urea 1 1 000 heures en general - Des tests de plus lasgue dunCe, actuelleruant an a~mrs, cut
riu-itrC pour curtains lasers des dunCes de vie supCrierires A 10 CXX) heunea.

Certains des lasers A faibbe durCe de vie prCsanterit des dCfauts tels que protubCranass, trcus dens
lea an tsctg, bavunes, etc - - - - gui s’acxxzmpagnent d ‘tine augeentatlas tIe l.a résistance thennique, ~~ c de
l.a temperature nvyerime tIe jceucticsm en fasctiasnemuit ocintinu .

Cotta ClCvatiam do temperature ma m.ff iv ‘as A ercpliquer oznp]Cteruent une dCçjrerlatias aussi rapide.
Un antre inécanieme de dégradatias dolt intervenir A tin stale, Pious pensass qua as east las ~~utnai.ntes

associCea an proasseus tIe fabnicatias gui acuClCrent la dCgralatias.
Pious pelsass qua n*ie pair lea lasers gui dCgradaut rapidement sans dCferit d’ aspect a&~parant , tine des

c ae a  prCpridCrantea tIe catte dCgrerlatias pant Ctre be a-zitrainte induite mu a-xirs du procassus.
Ii peralt tIcs-ic anmasm trés inp rta t af in tIe ~xuvoir cuptinmiser notre processus dc fabrioatias at dens

be bit do verifier oette hypothlse d’étudier 1 ‘influence des diffCrents types tIe oxmtrathtes sur le anmpor—
teseut des Lasers

-p.
— _ _ _ _ _ _ _ _ _ _  - - - - - - - - - - ~~~t -~~~~~~~~~~~ -~~~~~~~~~~ - - - - - - -
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Un prthl~me inportant renuxutrC lore de l.a fabricatlas des diodes lasers eat lie A be d.iffiailtC d.c
reproduina do fagas eatisfaisante laura caractenistiques - Los diodes lasers fabriquCes dens notre labo—
ratoire acmt do type double Mtkrostnucture, do z&ie ~settnioe 12,un localisCe par ijiplautatiam protaii—
qua psu profasde.

A cheque etape 1n~~jrtante tIe l.a fabricatiam (dCp& des azitacts ohniquea, clivage, sciage, soudore)
tIes tests east effectuCs do fagas A verifier l.a qualitC do 1 ‘cpCratias. L’ influence do c*iaaune do cee
cperatiass sin les caractCnistiques des lasers a etC CtudiCe - th partiamlier le role des cxzutnai.ntes
induites am a*mrs do processus a ete mis an evidence -

D’mutne part, des critCres do sClectiass cut Cté dCtenninCs do faças A Cliininen, mussi rapidesait
que possible mm crAirs do l.a fabricatias les C1~ mamts ~ xit lea caractCnistiques seralait insuffisantea
pnar lea aWlicatiass ammiunicatiass optiques .

(zi a thtenu sinai tune rCducticri notable tIe la dispersias des caractCristiques des lasers.

~~~MARY

The nost inpirtant problem enanintered for the producticm of lasers diodes is the difficulty tO
reproduce satisfactory perfonnance for these light autitters.

In this paper, ve present the main results of a study perfomnad with the aim of inpraring the
reproducibility of these anipasents -

The lasers diodes designed in our laboratory are of double heterostructhre type, graai as GaAs
substrates; they have an emitting stripe of l2~,um wide formed by a shalia~ protas isplantatias.

At each Important step of prcductias (de~~siticu of oheic cxrntact, cleaving, sm~ing , bczuding)
tests have been set up to thedc the quality of the cperatias. The influence of these operatiass au the
characteristics of the lasers is discussed. The influence of the stresses Induced during the process
is pointed oUt.

()~ the hand, criteria have been derived to eliminate at early stage the chips which would have
emthi.bit Insufficient characteristics for optical cxmmzmnicatias aWlicatiass .

As a general result of this study, a reductioci in the dispensias of the performances has beau
achieved for the lasers produced through these tests set up alasg the praluctias line.

I. IN’F~~~.rrI(z~i

Des progres omsidCrables cut etC nCalieCs ass derniCres minCes dana le danaine des lasers A semi-
an~~uctamns - Un certain naitre do l.aboratoires cut obtersu des lasers ayant fouctiasne en omtinu pealent
plus de 10 heures (1) (2) ~~ Pious avais Cgalenent obtersa , an laboratoire, tIe tels lasers . Toutefois
a’ ii eat ralativemm~nt aleC, actuellerment, do rCaliser guel.ques lasers prCsentant tIe barnes caractCnisti—
ques cmptiques et we dunCe do vie do cat ordne, ii eat plus difficila d’ avoir tine bcrmne reproductibilitC
tIe fabnicatias et sirto.it do prCvoir, A priori, la dunCe de via de ces an~posants.

Ce maogue do repccó.uctibil.itC petit Ctre attnibiC sax dCfauts existants dens lea azuches Cpitaxialea

at A cent intraluits paz- le procCdC do fabnicatias.
Pious avass prCc&lauinant abomie be prthl~me do be reprcxluctibilitC do fabricatiau. Dana le present

article naus prCcisais 1’ influence tIe certains paramétnes at plus partiai iCrerent des antraintes dCve-
IccpCes ions tIe l.a fabnicatias.

II. FABRICAT1C!4 ~~~ L.ASE1~
Las lasers uttlisCs east do type double hetCroatructune, A gCcaétnia ruben, penmettant wi fasctias-

nauselt an az tinu A temperature arbiante -
Las Cpaisaeurs at cczi-poaitiass des omdues Cpit.axiales east dainCes dams le tableau I -
Lea txz tact8 otiniques exit azistituCs d’un depOt nétallique all.iC (AuSiyra,’Au) oOtC subatnat at d’un

depOt nas alliC (Ti/Pt/Au) ciOtC Cpitaxie. Auc~mne diffusiai do zinc fl ‘eat effectuCe car catte opCratlas
ma a’ avers pe~ iridispeisable A 1 ‘thteitia~ tIe bass azutacts - La résistance tIe cxzltact , odtC CpitaxiC,
reste dens ass az~titiass infCrieure A io~ otem an2

La z&ie active eat ]ocalieCa par Isplaitatias protcmique peru profasde . Lee plaguattes east alone
clivCes mu pea tIe 40),xn pits lea barrettes thtenues east sciCes en picas Cl&saitaires do 4~~ c3CO,izn. Lea
picas east anermite aaudCes A 1 ‘Inditam air mm radtatair do ouivra done . La azitact supCniamr eat cxzistituC
d’um ruben d’a’.

La fig. 1 nrxitre un laser rCalisA aim laboratoire.
L procassus tIe fabricaticu sinai qua lea aiitrOl.es effecbuls east rCstenés dana le tableau II.

_ _——--— - - - - -  .-.- 
- - -_ _. - _ _ _ _ _ _ _ _



36-3

iv. ~~~~~~~~~~ ons ccmwi~-s ~ JR IA ~ pi uicrmiu~~
Lea picas lasers mint scuamises essentiellemsaut A deux types tIe castraintes

- lea octitnaintes d’Cpitaxie dCvel.oppCes pendant l.a cnoissanoe des couches .
Elles cut etC calcul.Ces A partir dos differences tIe coefficients tIe dilatatias thermique des couches -
Ellea exit pair nos plaguettes do 1’ ordre do 0,5 A 1.108 dynea (au niveau tIe be zase active).

- Las omtraintes dies A be m~omdure

Lee nesures de ~~xutoél.asticIii~ tnie effectuCes au latoratoire (6) cut nuitnC gu ’elles Ctaiaut fasctias
do type do saidure utilisCe. Elles east, dana le cas d’une saidune Or-Eta.In, par example, do l’ordre
tIe 1O9 dynes an 2 

- L’ utilisaticri do 1’ Indimem , plus ductile que 1 ‘or-Cta.in paz-net d.c rCduire oette
oxitnainte d’un ordre de grandeun.

Les valemns des diffCrantes azitnaintes ainsi que qualques propriCtes nCcaniques de 1 ‘A~~a east
portCes dens l.e tableau III.

La presaicu utilieCe lore tIe l.a sazlure (0, 1 A 0,2 108 dynes cnn 2 a etC cboisie tIe faca m A Atre
infCnieura aux autres omzitrathtes existantes. L’ ef fat tIe 1 ‘aWlicatias d’une oc*itrairite plus iimportante
lors do be eaziure eat illustrC ear l.a fig. 3 C~i rernargue qua lea castraintes supCriemrea A 2.108 dynes

ci’ eat-A-dine supCrieures A l.a llznite do glissement des dislocaticris CvaluCe par NN~VIO!I ~~~, antrai-
ruerit irma nrxlificatiai tIe be aiurbe P(I) , qui cenactCrise uric dégradatias inportante des lasers .

Dens lea aezlitiass ciO east rCalieCs lea lasers lea caitraintes exiatantes sast infCrieures A
2.108 dyrmas ~~~~ cepandant 1 ‘existence do dCfauts supenficiels (protubCranoes, rayures, etc . . . )  ou do

pcumssiCnes pant induire localement des castraintes trés ClevCes.
L ’ influence des omtraintes localiaCes a etC mise an evidence en degradant volastairament au umoyan

d’une points do dianmant d’un microdurasétre Vickers dos lasers tIe 12,25 at 50/in do large.
Lea forces a~~liqueea (1 A 4 g.) gait telles qua l.a pointe do dimnant perturbe lea couches supenfi-

ciellea GaAs at GaA1As sans pCnétrer dane be cxxicthe active.
Lea ccmurbes P (I) cut etC trarées an régime inpulsiasnel. avant et aprCs degradatias -
De petit resister lea observatiass de Ia fagas suivente

— Lasers 12/zn
L’a~~licaticzm do la points sun l.e ruben laser asdifie omaidCrablament l.a courbe P CI ) (voir fig . 4) -
Pair las lasers prCsautant mane cazactCristique P (I) linéaire Il. y a a~çmanitias do nai linCanitC am
“oxides ’. Pair ceux prCsentant déjà des “oxides” il y a nnclificatias de lairs positias at amplittide .
L’applicatias do be pointe n~ me an dehera do ruben entralne uric nixlificatias notable do l.a axirbe P(I) .
Sur be fig . 5 au pant voir l’effet d’wme dCgradatias localisCe A 12/zn do ruben .

- Lasers 25 at 50,,tan
Las rm*mes caitnaintas l.ocel.ieeea a~~l.iquCes aux lasers 25 ct 50,,uumi ma perturbent pea d’une fagon signi-
ticative lea ocurbes P(I); voir fig. 6.
Il saitle par consequent que las lasers 12,zn soiant extr~ menent saisibles amnc cxxitraintes loceliséas -
Piotais qu ’un grand nciit,re do lasers 12 (am d’une maniCre plus generale 10 A 20 cut tune caractCnis-
tiq.ie nan l.inCaire - De peut ~~ nc pemsar quo l’existenoe do ass ncri-l.inCanitCs eat liCe amnc axitrath-
tea bocalisCes dues sax défauts des cxxichea CpitaxiCea -
A! in do verifier i ‘effat dos axitraintes l.ocalisCea A 180° C ions tIe l.a saudore A 1’ inditan, nous evans
InterpoeC antre be pica laser at le disaipatair thermniqua des pauasiCrea de corindon tIe b0,pm envirczi.

La répertitirs-i at b’anplitnzle des cixitnaintes east mom s bien dCfinies qua dens le cas des easais prCcC-
dents; tcsatefois lea phCnam~nes observes (your fig. 7) east analogues. La dunCe do via Ce tabs lasers
eat trés axmrte . o n  pout tIctic axiclura qua as east lee tICfauts dos azidmas at Cvaituell.ament lea pous-
siCrea qui exit esaautiel.laient respcmsabbes des degradations rapides des lasers -

V. ai~aiisxa~
Puir mamma azudie Cpitaxiale dasnCe , l.’ripCraticru gui af fact. l.a plus Ia reprodoctibilitC, at surtait is

dorée Ce vie, eat l’opération do n,xutage des lasers.
Flu ef fat, au nummant tIe is eciudune des picas ear be radiatamr cellos-cl east eammises A doe omtraintes

P~~mog~ ies (preaaicm air ia puce) at sauvecut A des cixutraintes local isCes dues aux déf outs -
Ces axitnaintea

nvidifient Is ixxzrant do sau l,
- entralnant 1 ‘epçmaniticzu do ncsu-linCanitCs (“)di )ç

~”) dais Is axurbe Puissance - F (Intan-
site), mirtout pair lea lasers A structure ruben C. 12/st do iargsur.

- - - --- - -___ _
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- dilnirsuemt is dunCe do vie dai~ lasers .
La re&cucm des caitnaintes taut ama bang do procédC do fabricatias (pressias do scxidune faible

0,1.108 ~yrne,’as2, Cl.hninaticm des paisalCres at des dCfouts , etc ...) associCe A urn cautn~le Ctnoit des
npCratiass of factuCes pernm~t do diminuer motablement be dispersias des caractCristiques dos la*ars.

L’eiaethl.e des prCcoutixxma prises lore do be fabricatias pezimet, aprCs Cl.iminatias par tn visual.,
tn sais pointe, prC-vieiilisaerent, d’obtenin do fagas reproductible des lasers presentant des durees
Ce vie garenties eupCnieures A ntille heurea -
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PHYSICS AND TECHNOLOGY OF DEGRADATION IN GaAs LIGHT EMITFING DIODES

6. Zaeschrnar
Naval Ocean Systems Center
San Diego, California 92 152

Cyeep-induced lattice defects caused by thermal stress in the junction area have long been believed to be a possible source for

P light emitting dIode (LED) degradation. The increased number of lattice defects causes an increase in nonradia t ive recombmation cen-
ters. resulting in a shunt path which decreases the efficiency at constant current. This presentation is an attempt to cast these ideas into
a quantitative theory and report t he results of no~eI experiments relating t6 the matter.

In 1973 , Reinhart and Lo~an (II extended Timoshenko’s calculation 121 of the bimetal strip to a heterojunction. The result is
a stress level of approxgmatety I0~ dyne/cm2 caused by the different thermal expansion coefficients at the interface . No assessment of
the st ress at the junction caused by the spatial thermal gradient from the hot junction to the heat sink has been reported . Since the bulk
of the heat is generated in or near the junction whose thickness is much less than the thickness of the chip, we may approximate the tem-
perature distribution by a linear function throughout. The chip in the heated and nonheated situation looks like figure I.

x

V ~1
I

- ,_

/
I
I
I
I
I

Figure I

The stress is calculated by making use of the fact that for a linear temperature distribution free of stress, the body bends. The x
component of the displacement , u, is in our case ~ven as (2)

ura{x (PF Rsp +T a +~~~ x 2 _ y 2 _ z 2)} (I)

where

u ~ x component of displacement
a = thermal expansion coefficient
P electrical power/unit are a dissipated between d~ ~ x ~ d~ + d~

= thermal spreading resistance , F = area of chip
ambient temperature, X = thermal conduct ivity

From this we get the bending radius r.

(2)
~
‘ ay 2 ôz2 X

This result is rigorous. The approximat ions of the theory of plates and shells are implied if we connect the bending radius with the desired
stress 131

I Ex oP Ex aE~ T(x)
I — v

E modulus of elasticity, v Poisson ratio, o stress

The result is onect if diodes arc mounted p side down. The last term in equation (3) gives the stress in terms of the temperature differ-
ence ~T. A ypical number would be a stress of l0~ (dyne/cm 2 ) at a temperature difference of 100°C. We refer to reference (4) for
discrepancies in junction temperature determination. Higher temperatures and stresses have to be anticipated if the diode work s in pulsed
operation. Indeed, enhanced degradation has then been observed. (5 1, (6) Based on these results it can safely be inferred that thermal
stress-induced creep is a serious possibility in GaAs diodes, although the critical resolved shear stress at these temperatures is not exactly
known. (71

Recently, Brantley and Harrison (81 as well as Ellaeev and Khaldarov (9) demonst rated experimentally that additional externally-
applied mechanical stress increases the degradation of $ LED. Their work was incomplete In the sense that the junction temperatures were
not given and no attempt was mad. to separate the applied stress from the influence of current and heat. Nevertheless, the reported pre-
cipitous onset of accelerated degradation at a threshold level of approximately 2 X lO~ dyne/cm 2 furthermore underlines strongly the
role of creep in degradation.

_ 
-- ~~~~~~~~~~~~~~~~~ — - _ _ _ _ _ _ _ _ _
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As for the experimental part of this work , done by Dr. S. Speer at Spectronics inc., figure 2 shows the apparatus for the uniaxial
stress expeflment. Figure 3 gives some degradation curves obtained with it. The results confirm qualitatively the work cited above. 18, (
As seen in figure 4, we find for the time derivative of the normalized light output the rule:

(4j

WEIGHT TABLE

I\ \ \ \\ \\ \ \~~~~~~\’~~\\\\\’1
__~~ -PL UN GER
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Figure 2. Uniaxial Stress Fixture .
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Figure 3. LIght Output versus Time with Un~axhal Stress.
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FIgure 4. DegradatIon Rate versus Applied Stress in GsAs LED.

The current dens it y employed in this study is very low , 50 AIcm2. l’hat means the applied externa l stress is not obscured by an add i-
tional thermal stress. This may be a reason for the somewhat more complicated results of Eliseev and iChaidarov. (9) The break in their
curie Indicates the effect of a critical stress. Unfortunately, t hey do not report their current levels either.

Our next step was to find out if degradation occurs if diodes are subjected only to external mechanical stress. The results shown
in figures 5 and 6 represent the degradation in light output of two identical LEDs subjected to the same uniaxial stress, the only differ-
ence being that LED No. 7-1 had no current flowing except for the brief period during which the light output was measured. That means,
foe the chosen stress and temperature, an equivalent degradation can be produced by ‘tress alone, I.e., In the absence of electron-hole
recombinslion. 
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Theory of Degradation

One assumption is that the stress induced increase in lattice defects gives rise to a non radiative shunt path by increasing the num-
ber of nonradiative recombination centen, leaving the number of radiative centers constant. The natura l starting point is the simple two
path mode l for the quantum efficiency 71(t): (10)

I I

~ p,.,,.(t) a~ 2 / E~~~E~\’ I +5p 1~(t) 
(5)

1+— —  e x p t —
~r $ 0  ~ kT

where

Pnr(t) density of non radiative recombination centers
density of radiative recombination centers, assumed constant

Enr, E1 their respective energy levels
$ = nonradiative, radiative capture rates

n, p = electron, hole densities
The constant a is the product of all the factors in the second term of the denominator except p~~(t)

An expression connecting the increase of stress-induced lattice defects with time t can be found from the work by Peisaker , Haasen,
Alexander: 1111

dN Nv&dt (6)

where

N(t)(cm 2l = density of dislocation lines

— AV’Thme-Q/kT the dislocatio n velocity

6 = K 1 (c, — A ,~/Thn the dis location multiplication factor

a — Av1i~ = effective shear stress acting on the dislocation

A ~~~ = 2w ( I-v)  work hardening term ,

G = c’~ ar modulus, B = Burgers vector , n, m empirical kinetic parameters, not necessarily integer

In order to make use of equation (5), we have to connect the density of dislocation lines with the density of nonradiative recombination
Cent ers. in the assumed nonconser vative climb motion , a trail of point defects is left behind the moving dislocation (I 2J - We therefore
connect N w ith Pnr by:

(7)

where

a 0 = atomic diameter

- ~~~~~~~~~~~~~~~~~~~~
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Integration of (6) therefore leads to:

N(t) aopns(t)
I ( dN cQlkt I dN

Ke QIk t 
~~ N(a - A,I~ )n+m 

- 
K ~ 0 N(o - A ’~f~ )0’~~ 

( )
0 a opnr( )

From purely mechanical , plastic deformation measurements the kinetic parameter s n and m were determined for GaAs by Osvenskii et al.
(13 1, ( 14j  as:

n + m 3  (9)

Using (5) and (7), the light out’~ut Ut) can be written as:

Ut) = I +a :nr(t) I N(t) 
(10)

where B — constan t of pro portionality. Substituting (10) in (6) gives:

ao I B  ~1
~~~~~~~ 

1

T [Ut~~ -‘ dN ( I i )
K 

N0 
N( a -A~/N)~~ °

which is a degrat ation formula wit h several adjustable parameters suitable for a least-square fit. Figure 7 shows a characteristic example.

1.4

12 - N0 108 o ”i 0 ~ n+m 3

TIME , ARBITRARY SCALE
FIgure 7

No attempt for a least square fit will be made unless all but two parameters are determined with sufficient at.curacy, Of greiter impo rtance
is the dependence of dL/dt on stress: By differentiating (8) and (10) with respect to time , eliminating N, we receive:

dL 
- 

const e Q/kT 
NI A ~‘i~ ‘~~~~ 12dl 

[I ÷_ ! N(t)]
2 ° (

which, using (9), senders the important result:

( 13)

in agreement with our measured result (4). That means, we established a quantitative link with the measured change in light output as a
function of stress and dislocation kinetic properties measured indep endently by purely mechanical means.

I.
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RELIABLE SEMICONDUCTOR LASERS FOR WIDE

BAND OPTICAL COMMUN I CATION SYSTEMS

A R .  Goodwin
P.R . Seiway
L Pion
14,0, Bourne

Standard Teleconmunication Laboratories Limited
London Road , Harlow , Essex , CMI7 9NA

England

SUMMARY

Semiconductor lasers have now largely overcome the early problem of unreliability following
in tensive investi gations into the degradation mechanisms . Now , Si02 stripe geometry GaAs/(GeAl )As lasers
have consis tently shown that they are capable of providing a c.w. output of 3 to 5 mW for mere than
10 000 hours , making them ideal sources for wide band optical coulnunication s systems .

1. INTRODUCTION

Semiconductor lasers are rapidly being developed to a stage at which they will make ideal sources
for wide band op tical cousilunications systems . Desp i te early concern about reliability, recen t investi ga t ions
of degradation mechanisms have led to considerable improvements in working life, and many laborator ies have
reported 10 000 hours continuous wave (c.w.) operation . Extrapolations now predict lives in excess of
100 000 hours (HARTMAN , R.L. and DIXON, R.W. 1975).

Al though many of the proposed optical corzanunications systems c ars operate satisfactorily with a
simp le light emitting diode (LED) or high radiance LED (GOODFELLOW, P.C., 1974) , the advantage of a laser ’s
much higher radiance frequently makes it a mere attractive proPosition even in relatively narrow bandwidth
or short distance systems . For example , if a higher power ce~i F~ launched , mere loss cars be tolerated in
cables and connectors , perhaps leading to an overall cost advantagc , However , it is irs wide band , long
distance systems that the higher power output , higher modulation eff ic iency , narrower spectral line width,
and narrower emission patterns of the laser make it the only pract ical source,

This paper describes the fabrication and performance characteristics of stripe geometry lasers ,
suitable for use with small core single mode or graded—index fibres in systems requiring modulation at rates
in excess of 250 Mbit ~~~
2. LASER STRUCTURE

A stripe geometry Si02 insulated laser is shown in Figure 1. The junction structure is a
conventional double heterostructure with Ga Al 1_ As passive layers containing about 35% Al and an active
region with about 5% Al. This latter quanhty ~inimizes the strain in the active layer caused by thermal
expansion mismatch between the GaAs substrate and the Ga A11 As passive layers. The junction is produced
by liquid phase epitaxy using a multiple bin sliding grapXhite~

Cboat. Layer dop ings are shown in Table 1,
One important design consideration is that the p—GaA 1/Aa layer should be doped sufficiently to prevent
electron leakage at high temperatures (GOODWIN , A.R , et al 1975) but not so highly doped as to cause
excessive transverse conduction of current sway from the stripe region.

Table 1 — Layer compositions of a typical double—heterostructure Ga
~
Al i_~

As wafer.

Layer l—x Dopant Concentrat ion Carrier Concentration
in Melt Estimate (cm”3)

Substrate 0,0 ~ 10’s
n—passive 0.35 5 at 1 Sn ~ 1O~~Active 0.05 0.3 at 1 Si “~

p—pass ive 0.35 0,2 at I Ge ~ i017
p—contact 0.0 0,2 at I Ge 4 x

After growth the epitaxial wafers are carefully selected for freedom from crystallographic defects
such as dislocations and stacking faults because they cause rap id degradation during c.w, operation
(De LOACE, B.C. et al 1973 and YONEZU, H, et al 1974), Suitable wafers are coated with SiO~ using radiofrequency plasma deposition and iS 14Th wide stripes are then opened using conventional photo lithography ,
A shallow Zn diffusion produces a highly dopel p~ surface in the stripe region which assists the formation
of a low reaistance ohmic contact by sub sequent evaporation of Ti—Au layers . After forming the contacts ,
the wafer is cleaved into strips to produce the reflecting surface. , then cleave d again to form dice
.pproaimat.ly 400 ~m square with an active stripe area in the centre of each die. Dice are bonded to *copper heat sink using indium solder; a soft metal such as indium is used to minimise residual Strain in
the ch ip.

3. OUTPUT CHARACTERISTICS
Provided that the basic junction structure has a low threshold current density (1000 to 2000 A css

2)
and reasonable te~~eratu r~ coefficien t (GOODWIN , A.R. et ii 1975), and that the therma l resistance of the
bond Is low (10 to 20 KIt”), c.w. operation i. easily achieved at heat sink tengieraturus up to 353K .
Figure 2 show, the measured variati on 0f threshold current with terçerature for a typica l device,
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The ligh t versus current characteristics of two lasers are •hown In Figure 3. Laser (a) is a well
behaved device with an output that increases smoothly to about 10 mW at a current 25 mA above the threshold.
The steep region just above the threshold is probably caused by saturation of the optical absorption in the
fringe region, on either side of the stripe. lere th. carrier density is below that required for gain at
threshold but the regions become ‘bleached ’ causing a reduction in the required gain , thus reducing the
apparent threshold as the light intensity increases .

Lassr (b) in Figure 3 ii a less perfect device in which significant kinks or changes of slope occur
in the output characteristics at powers well below 10 mIt, This typ e of behaviour is thought to be due to
non— uniformities in the active lay.rs; in uniform material a high proportion of stripe lasers behave like
laser (a).

In semiconductor lasers a significant noise amplitude is always auperiu çosei on the dc light level ,
This noise is due to amplification of quantum fluctuations and shows a resonance—like frequency variation
related to the small signal modulation response where the peak amplitude occurs at a frequency 1R determined
by the overdrive above threshold . In the lasers described here, 

~R 
varies from about 100 MHz just above

threshold to 1000 lEt at the dr ive current corresponding to the maximum output of 10 mIt .

In Figure 3 the rma noise power is plotted against the vertical (light) axis for the two lasers .
To represent noise as it would affect a real system, the bandwidth of the noise detection system was limited
to ISO 111.. Thia gives a noise peak near the threshold where the peak of the noise spectrum lies within
this bandwidth , and a much lower measured noise at higher currents where the peak is outside the detection
bandwidth. in lasers with poor output characteristics , such as (b) in Figure 3. high noise levels or self
pulsing are frequently observed at higher drive currents . Although usually at a high frequency , this noise
shows in Figure 3 partly due to poor rejection by the 150 MHz filter at frequencies approaching 1000 Mllz,
Lasers operating in this region are not suitable for comeunications applications and are not considered any
further. In a well behaved laser the noise amplitude depend, on the steepness (incremental efficiency) of
the output characteristics and for good devices, such as (a) in Figure 3, is of the order of 10 pW ruse at
power level, from 1 to 10 mIt.

4. LASING SPECTRA

Figure 4 shows the spectrum of a good Si02 insulated stripe laser operat ing c.w. with a power output
of a few milliwatt,. Although a few minor peaks occur , the main power is concentrated in a single
longitudinal mode. This behaviour is typical of good uniform devices although frequently 2 or 3 modes may
be present in aome current ranges. Non—uniform or self—pulsing lasers often exhibit a broad spectrum but
this is not typical .

When the bias current is increased the junction temperature changes and the predominant mode(s) ?hift
to longer wavelengths at about 0.3 nm K - . There is also a slower wavelength shift of about 0.05 nm 11 by
the individual modes but this is insignificant for most systems.

5. LASER EMISSION PATTERNS

In the plane parallel to the junction the controlling factor is the optical guiding by the stripe .
Guiding is provided by a combination of gain guiding and carrier concentration profile guiding
(KIREBY , P.A. et *1 1977) as indicated by the beam astigmatism; the beam waist in the plane of the
junction is displaced outside the laser mirror for 20 pm wide stripes and inside for 10 ~m wide stripes
because the nature of the erniasion is not that of a plane wave. An experimentally measured far—field
pattern is shown in Figure 5. The full width to half intensity is about 5° in this sample and over the
power range -ip to 10 r~1 the emission is all in the zero order mode .

6. ?K~DULATION

6.1. Analogue Modulation

When a laser is biased continuously above threshold and a amall modulation signal is applied to the
current drive , the re.ponse can be calculated from the rate equations (IKEGAM I, T. et al 1970). The
reepousse is expected to show a resonance—like behaviour as a result of the interaction between the photon
population and injected carrier concentration , The resonance frequency 

~R 
at a drive current I is

approximately given by

~~, ~~~~~~~~~~ .... (1)
2w 

~~

where
— electron lifetime
— photon lifetime
— threshold current.

An ex per imentally deter mined modulation response is shown in Figure 6, The laser , which had a
threshold current of 190 mA , Wa , driven with a constant current of 205 mA and superimposed on this was a
12 .A peak—to—pe ak sinusoidal modulation , swept in frequency from 10 to 1000 MM.. The output was detected
using a pin photodlods with a response time of less than lOOps and displayed on a spectrum analyzer. The
•hspe of the response curve is as expected with a fiat frequency response up to 500 MHz and a resonance at
700 P04.. The output level is of the order of 1 sf4 peak—to—peek at lower frequencies.

The frequency of the resonance var ied from 100 PIHi at 1 to 2 mA above threshold (measured , of course ,
~~ with a moch smaller input signal) to 900 MHz at 215 mA (25 mA above threshold) , and t he value clou d y

followed the theoretically expected variation given in Equation (I).

~~~~~~~ *
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Due to the non—linearity of the output characteristic of the SLO 2 insulated stripe laser ,
significant second harmonic distortion was observed . However , by carefully choo,ing the operating
point this could be kept to — 17dB (optical powe r ratio of 21) with 1 mIt output and —20dB (1%) at lower
power levels. Much better linearity would be obtained from different structures such as wider S102insulated stripe lasers or , for example , the new buried stripe lasers (SELWAY , P.R ., 1976).

6.2 Pulse Modulation

Although many modulation techniques have been proposed , the one of most practical interest Is that
of directly driving the laser with a pulse code modulation (pcm) current.

When a laser is pulsed from below threshold the most significant feature is the appearance of
damped oscillations (spiking or ringing) in tie li ght output . This has been treated theoretically and
exper,usentslly (IKEGAMI , T. et al 1970 and OZEKI , T. and ITO, T. 1973), and the main results are that :
— oscillation frequency depends on the final degree of overdrive and is related to the small signal
resotsance at that overdrive level
— for currents near threshold , the decay time of the oscillation is approximately the electron
recoakinstion time (~

. 3 to S ns)
— amplitude of the output spikes is determined mainly by the change in current imposed by the modulating
signal
— lasing delay between the application of a current step and the appearance of the tir.t sp ike is decreased
by increasing the bias current.

The principal features can be seen in the experimental results shown in Figure 7 for an Si02 insulatedstripe laser driven with a variable dc bias upon which was superimposed a 250 Mbit ~ 
I non—return—to—zero

pcm signal. The - .v. threshold was 190 mA and the drive pulse amplitude 24 mA. The top trace , with a
bias of 170 mA , shows that lasing only occurs in the longer pulses ; the first spike appears wit)’ a delay
of 5 ne. At 177 nA , spikes are just appearing in the shorter pulses and the delay is reduced to 2 ns.
At 183 mA , two spikes can be seen in the shorter pulses and at 200 mA , above threshold , the modulated
light output is an excellent replica of the input signal,

Modulation at higher frequenc ies requires care since spiking will occur at frequencies comparable
to the modulation frequency. Under these condition, it may be poss ible to use the spiking phenomenon to
obtain the required respnnse ( FARRINCDON , .J.C. and CARROLL, J.E. 1975).

6.3. Effect of Modulation on Lasing Spectrum

It has been reported (IKECAMI , T., 1975) that lasers show a very broad spectrum during the first
few nanoseconds of the output pulse when modulated with a step increase in current from below threshold .
This is due to the considerable upward swing in electron density in the time intervals between the output
sp ikes which causes a larger number of longitudinal modes to have xhove threshold gain than would occur
during uteady lasing.

Figure 8(b) shows the laaing spectrum measured during an output pulse obtained by applying a 2 ns ,
40 mA pulse superimposed on a dc bias just below threshold. At least 15 modes are excited giving a spectral
band width of 3 nm. Figure 8(a) shows the spectrum obtained with the same input pulse superimposed an s
dc bias current slightly ,5”,e threshold. The spectrum in Figure 8(a) is almost identical with the normal
c.w . spectrum , except that the mode intensity is increased by the increase in drive current. With a - real
code modulation drive , transients and short term temperature drifts cause some broadening and variation in
the peak wavelength. Experiments uhow that with present lasers , the broadening and drift are contained
within an envelope about 1 nm wide , the maximum ‘1ariation being observed between a long sequence of l’s
and a sequence of O’s. These results show that , for wide band systems , careful control of the bias level
is necessary to ensure that the laser is alway, just above threshold to avoid serious broadening of the
spectral bandwidth during fast pulsing. Since thi, condition is also necessary to eliminate variable
delay and patterning effects it would appear that a bias control loop based on the measured laser output
w ill be necessa ry.

7. LASER RELIABILITY

Ove r the past few years , the degradation mechanisms which seriously limited the life of early c.w.
lasers have been widely studied. Much has been written about degradation effects and it is now clear that
the main cause of the short lives ~f earlier devices was the formation and growth of dark line defect., or
related effects. These are areas which appear dark when the device is operated a. a spontaneous emitter
and viewed with an infrared micro.cope.

Present evidence indicates that dark line defects are initiated at crystal defects in the active
region and that their rate of growth depends , among other things , on residual mechanical strain In the
device . In the devices life tested at STL , every effort has been made to eliminate crystal defects and
to use processing technique s that minimized any residual mechanical strain, The main factors in
avoiding crystal defects are:
— choice of low dislocation substrates
— avoidance of scratching or other damage during processing and epitaxial growth
— avoidance of oxygen conta mination during epitaxy .

The techniques used to minimize residual strain are :
- use of 52 Al in the active layer
— avoidance of alloyed metal contacts near the j unction
- use of a soft metal (indi s ) for heat sink bonding.

Us ing these measures many batches of laser. have been mad e and representatIve samples were life
tested. Figure 9 show, th. variatio n in threshold currents with c v .  operation time ; the laser currents
yen adjusted to give a constan t 3 to 5 sf4 output. The consistency of the results is indicated by the

- - 
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fact that 852 of all the laser. tested to date with the exception of early unoptimised samples have
shown degradat ion rates dlt of between 0.32 and 52 per 1000 hours.

dt
The longest running life tests have reached 15 000 hours and,with one laser excepted ,an entire

batch of twenty lasers has now exceeded 10 000 hours with typical thre,hold increases of from 10 to 202 .
A reasonable e .tlmate of time to failure is taken to be the time for threshold to increase 502 assumIng
a linear variation with time. On this basis it is tentative ly predicted that half of all lasers made
will exceed 23 000 hours operation at room tempereture.

These result. show that , by careful materials growth and proce uslng, it is already possible to make
lasers with lives consistently greater than 10 000 hours. Considerable wo—k is .ttll required to identify
the residual slow degradation mechanisms but the devices are already reliable enough for many systems .

8. CONCLUSIONS

This paper has described the fabrication and operating characteristics of Si02 insulated stripe
geometry double heterostructurr GaAs/(GaAl)As lasers , These devices were designed specifically for
coupling to optical f ibres of IC to 20 um core diameter and are particularly suitable for pcm modulation
at bit rates greater than 100 Mbit ~~~ Within certain limitation, on linearity they are also suitable
for analogue .iodulat2on up tu shout 500 MHz. By carefully selecting the substrates and using the latest
growth and proce,sing techniques a high proportion of these lasers have operating lives of 10 000 hours or
more, and are thus suitable for many existing applications.
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F,gure I - Structure of an S~O2 insulated stripe geometry double-hecero-

structure laser.
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Figure 2- Variation of CW threshojd current with heat sink temperature
for an Si02 insulated stripe laser.
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Figure 3 - Light-current characteristics of CW stripe lasers . Also
shown is the noise amplitude measured as a function of CW light output :

the detection bandwidth was 150MHz.
(a) Well behsvej device
(b) Nonuniform device.
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*AVELCNGTH (,m)

Figure 4 -  CW lasing spectrum of a good Si02 insulated stripe laser.
(a) Near threshold (expanded scale)
(I,) At 5mW output.

FigureS - Emission polar far field pattern paralkl to the junction. In the
power range up to 10mW the emission is all in the zero order mode.
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IRCOU€NCY (MHZ)

Figure 6 - Experimental frequency response of an SiOa str ipe laser with a
sinusoidal modulation of I2mA peak-to-peak and a 205 mA bias .

Figure 7-Response of an Si02 stripe Laser to 250 Mbit s~ ’ modulation for
various DC bias levels. Modulation current is 24 mA (shown on bottom
trace). Horizontal scale is Sn. per division and the vertical scale 5mW per

division.
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Design and fabrication of G..Ae light emitting diodes for optical communicat ion systems
with high transmission capacity

V. Euber, J. Hei~asn, V. Ha.rtb
Lebret. f. Au g. E.-technik,TU Ilünchers ,Arcieetr. 21,D—8000 PtUnchen,W. Germany

Abptract

The physical mechanism of the time and frequency behaviour of LED’ . is investigated.
As a result , it i. demonstrated that two time constants, the electron life—tim. and
the time constant due to th. diode ’s space—charge capacitance , govern the fligh fr.-
quency performance of a LED. A model is presented which des’ .ribes the influence o! ih .
relevant technological LED parameters (layer structure , activt area , active layer
width and doping) on the tine and frequency behaviour by means of these tine constants.
The technologic.tl and physical factors , which represent the ultimate limitation of the
modulation bandwidth , are discussed. Based upon this model , the design concept of a
practical LED with a very high modulation bandwidth ii described. Measurements of the
frequency characteristic, the light power output and the spectral characteristic have
been carried out. In addition the All—noise behaviour is investigated. The transmission
rate and the maximum length of an optical communication system using such high speed
LED’ s is estimated.

Light emitting diodes (LED ’s) a~’e already employed as directly modulated light genera-
tors in practical fiber—optic communication systems. Until now the transmission capa-
city of these systems is still moderate , mainly because of the restricted bandwidth of
the LED ’s. In this paper the theoretical and technological principles of high speed
LED’s will be shown. Also the properties of a diode, which can be modulated up to the
GHz— range , are given. The transmission rate and the maximum length of an optical com-
munication system using such a high speed device are estimated.

According to theoretical and experimental investigations the time and frequency re—
eponse of light emitting diodes is governed by two time constants: the electron life-
time in the active volume and a t ime constant t52, due to the space—charge capac i-
tance The frequency dependence of the light amplitude 

~~ 
can be expressed as

‘1 
____  H)

~ l sj ’ .’t .(i , ~s’ (~r4.ji.~r;)

G is an impedance factor considering the finite act ive layer width of the diode and
is given by

hr CE~1.
a~~~y l~ (a )

where kT is the thermal energy and, I
~ 
i. the bia . current. Equ. (1) in this form is

valid only for single— and double—h,terostructu.re LED’.. In diodes with homostructure
the nonradiactive recombination at the active layer surfac, and at the interface bet-
ween active layer and the contact reduces the effective electron lifetime

• F(w,4,~) V,, (3)

- - - - - - - . - — — -
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as compared with the bulk lifetime r~. The reduction by the factor

F(tv/ L~) 1- sec414r/ ~4 (*)

- depends on the ratio of the thickness
of the active layer w to the elctron diffusion length Ln~ If w is small compared to
a considerable reduction of the effective lifetime teff is achieved. For example , at a
doping level of the “active region” of 1019cm 3 which corresponds to a bulk electron
lifetime of about Iris , the effective lifetime becomes only a few hundred picoeecond.s,
if the layer thickness is reduced to 1pm. It can be deduced from this theoretical. con-
siderations that modulation in the 3HZ—range is possible if the negative influence of

the space—charge capacitance can be suppressed.

However , it should be pointed out that the light power output of homostructure diode.
is decreased by the same factor F.

For the design of a high—speed LED two requirements can be deduced from equ. (i)—(*).
It i. that both time constants teff and t5~ must be kept small. A short electron life-
time is achieved by using a high doping level in the active region. But a limitation
is given at about 2 — 3 . 1019cm 3 because of the essential broadening of the half—
width of the light spectrum and the decreasing efficiency at higher doping levels. As
mentioned earlier, further reduction of the effective electron lifetime is achieved by
using a homostructure with a thin active layer. The layer thickness is limited to a
few tenth of a micron in using a liquid phase epitaxy. However, with respect to reason-
able light power output an active layer thickness less than half a micron is undersir—
able.

A low value of which corresponds to a low space—charge capacitance is achieved by
keeping the diode area small. Technologically areas corresponding about 2Opm in dia-
meter should be possible. But very small areas lead to high current densities and
therefore severe heatsinking problems. An area corresponding to a diameter of about

— &~im seems to be realistic. For better heattransfer an upside down technique must
be used where the p, n—junction is near the heatsink.

The space—charge capacitance is also kept small by widening the space—charge region by
using low doping levels both in the n— and the active p -layer. Hovevez-, a low doped
active layer is disad.nantageous with respect to short electron lifetime. Therefore, only
th. doping level in the n—region can be lowered. To prevent undesired hole injection at
low doping levels of the n—region a wide—gap emitter consisting of A1~G&i_~As can be
choosen. By these means an electron injecting layer with a doping level of only
1016ca 3 can be used.

Liquid ph.se epitaxy two layer structures n_Al01*
Ga0,6As: p—GaAs with doping levels

n • • 1016em 3 and p - 1,5 1019cm 3 respectively have been grown. The layer—thick-
ness of the active p—layer was 1,2~im and 2~us. from these wafers LED’, were fabricated
having a geometry as shown in Fig. I • This is awellknown typ of LED proposed by Burrua’~
using an upsid. down t.chniqu. with an integrated h.atsink. An etched hollow at the
substrate side ininizes the absorption losses and allows an easy coupling of the diode
with the fibre. The small active area corresponding to a diameter of 50 pm has been
formed by using proton bombardment. During the bombardment of protons with an ener gy
of 300 keY at a dosis of 2 . 1015cm 2 the active area is protected by a goldmaak. Out-
side the active area the crystal becomes isolated within a depth of about 3pm. This
means that the isolation reaches through out the p—n junction. Therefore, ~sroton boa-.
nsrdment is a suitable techni que to meet the requirements concerning small junction

— 
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areas with respect to small space—charge capacitance.

These diodes as above were mounted into a microwave package and allow contineous oper-

ating with current densities up to 20 000A/cm2. At a current of lOOxA the emitted
light power output becomes about 35c~iW and 20~~iU for a active layer thickness of 2pm
and 1,2pm , respectively. As can be seen from these data light power output strongly
depends on the active layer width for this typ of high speed LED’s.

Optical transmission of high data rates over a relatively long distance require riot
only reasonable high light power output of the LED. Also the spectral halfwidth of the
emitted light should be as small as possible because of the fibre dispersion to avoid
severe limitation in transmission length or data rate. The typical linewidth of these
diodes was 35mm .

Measurements of the tine and frequency behaviour showed that the high spea4 c~baracter—
istic of these diodes is considerably improved by reducing the thickness of the act~~r~
layer. The rise time (0 — 80%) in light power output was about Ins at a thickness of

2)zm and was only a few hundred picoseconds at a thickness of 1,2~zm. The corresponding
3dB cutoff frequencies were 500MHz and 1100MH z , respectively. The modulation measure-
ments were performed with a current amplitude of 3OmA superimposed on a bias current
of 6OmA. Furthermore , these results show that for both diodes the product of light
power output and bandwidth is nearly constant.

The All noise behaviour of these LED’s has also been investigated. The optical fluctu-
ations of there light output have been measured at frequencies between 100Hz and lOOkRz.
For measurement, the diodes were biased with a filtered battery. The emitted light
P0 - 1OC~aW was detected by a PIlI—photodiode. The result i~ shown in Fig. 2. The measured
noise , which exhibits a 1/f—type frequency dependence , becomes equal to the shot noise
limit of the detector below 1kHz. This means that for application the LED noise beha-
viour is uncritical. For comparison the typical 1/f—noise characteristic of a ew double
heterostructure laser reaches up to 100kHz.

Dy using a Al
~
Gai..~

Aa crystal with various Al—content for the active region LED’s with
wavelengths in the range of 780nm to 870mm have been realized. These diodes nearly show
the same tine behaviour as compared with GaAs diodes at 890mm (x - 0). But as will be
shown below it is not necessary to adapt the emitted wavelength of the LED to the mini-
mum attenuation of the fibre (at about 8MOnm), because the limitation in the transmia—
sion capability i. primarily caused by fibre dispersion and not by fibre attenuation.

For application it is interesting to know the transmission rates and distancos which
can be achieved by these high speed LED’.. A limitation i. given by the attenuation
and dispersion of the fibre. Using a pulse modulated system the following assumptions
are made: The halfwidth of the emitted light i~ 35mm. The diodes are pulsed by 150mA
current peaks. The fibre is of gradient index type with en attenuation of 5dB/km and
a material dispersion of 1,7ns/km. The coupling efficiency of light into fibre ii 5%.
A fast photo avalanche diode is used as detector. The signal to noise ratio at the
detector should be 30dB. Under these conditions a transmission rate of lGbit/s is pos-
sible for distance up to 250m. A 1km system could be opertated up to 300Mbit/s.

Th. calculations show that the capability of the fibre system is not limited by the
light power output of the diode but by it. linewidth together with the fibre disper-
sion. To improve the transmission rate diodes with smaller emission lines and fibre
with lower dispersion are necessary.

_ _ _
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~~OTODIODE8 A AVA LA1~CHE AU SILICIUM A GRANDE RAPIDITE
FOUR SY ST E~ES GE COMMUNICATIONS OPTIQUES

Q.RIPO CHE , M.BR ILMA N
Laboratoires do Marcoussis, Centre de Recherche e de
la COMPAGN IE GENERALE D’ELECTRICITE.

Route de Nosay

91460 — MARCOUSSIS
FRANCE

R ESUME

Lea pho todiodes a avalanche au silicium sont actuellement lea détecteurs lee mieux adapt~s pour
ré pondre au.g besoine des communications optiques ausei bien dane la bande spectrale 800 — 900 rim qu ’è
1060 nm 1)eux structures de diodes ont ét~ ~tudiées la structure I*IV PN+ classique et la structure
P~~v P w N +  ~ couche P enterrée obtenue par implantation ionique ~ haute énergie, cheque structure pouvant
~ tre r~alis4e our substrat homogène ou our substrat épitaxié en fonction dos performances recherchées.
Après la description du procédé do réalisation des deus structure e , les rOultats obtenum concernant le
gain utile, la sensibilité et la rapidité seront préeentés. La comparaison des r~sultats mont re quo la
st ructure P’ fT P vN + ~ couche P enterrée permet d’obtenir our substrat épitaxiê dee dispcoitifs tree per—
formants dana la bande spectrale 800 — 900 rim (gain utile — 50, tempo de montée et tempo do descente ~
0,5 ns, seneibilité globale ~ ) =  850 nm : S = 25 A/W) selon un procód4 de réalieation tree simplifié.

1. INTRODUCTION

L’intér~t croissant porte aui systèmes de communications par fibres optiques, d{ aux progrès
effectu és dane la r4alisation dee fibres optiques ~ faible por te at ~ faible dispe rsion et dana celle
des sources émettrices continues (DEL, diodes laser), a entrainC un bosom en photodCtecteurs particuliè—
remen t bien adaptCs pour répondre aul exigences ~~~~~ domaine encore en pleine óvolution . Actuellement ,
lee dCtecteur s au silicium sont lee mieux places gr&ce ~ l’avance technologique dont u s  bCnCficient.
Pour lea applications ~ faible niveau et faible debit d’informationa (2 Mb/s et 8 Mb/c), lee pho todiodea
PIN permettent de réaliser des modules récepteure è hautes performances. Mais pour lee applications è
faible niveau et k moyen ou grand debit d’informations (30 Mb/a , 140 Mb/s et au—de lh) , l’emploi des
photodiodes è avalanche rapides a ’impoae en raison de l’amélioration importante du rapport signal sur
brui t due an gain interne de la diode (MILLER , S. E .,  1973).

Lea photodiodes a avalanche de structure P’wPN’ (fig i )  sont prêsentement lee plus performantes
c~ r cUes cumulent lee avantages des photodiodes ~ avalanche N+P classiques (10 gain ) et ceus des photo—
diodes PIN (sensibilité mntrinsèque élevée , grande rapidité) (RUNoG , H.W. ,  1 967). La gone de charge d’es—
pace de telles diodes ~e compose de deus r4gions ad~acentes : l’urie relativement étroite cli règne un
champ électrique intense dane laquelle prend place la multiplication des porteur. injectés, l’aut re plus
ou mom s étendue a champ faible Oli lee porteurs sont collectés . ~~~~~ cette separation des rdles de
multiplica tion et de collection qui assure dee produits gain—largeur de bande élei-6s a ceo dispositifs.

Aprèe un bref rappe l des principales propr i6t~s do ces pho todiodes a avalanche at de leur principe
de fonc tionnenent , nous prCsenterons lee str~cture e 4tudi~a. et d4crirons leurs procCdés do réalisation .
Enf in , la comparsiaon des rCsultats exp~rimentaux pe rmettra do choieir la structure de diode la mioux
adaptée pour uric application donn6e .

2. PROPRIE ~ES DES PWJTODIODES A AVAlANCHE F~wPN~
L’utilité des photodCtecteurs ~ avalanche dana un système do communications optiques est dCterainC

par los propri e tes suivantes

— la sensibillté intrin5~~ ue
— le tempo do x épo~ise
— le facteur do multiplication
— le bruit  ap porté par le détecteur.

No us allons ~aintenant reprendre chacun de coo points en cherchant a faire apparaitre lee pro—
bl~~ es poses nor l’optimisation du dCtecteur.

2.1 . Senaibilité intrinoèa ue
La sensibilitC intrmnsèque d’ uno photodiode dép.nd avant tout du coefficient d’absorption du

rayonneme nt détecté et de la longueur du traj et luminous dana la gone active . Ii est génCrelement admie
quo celle—ci doit avoi r uric largeur au mom s égale a la longueur d’ abeorption du rayonnoment incident
pour assure r uric bonne sensibilité mntrinsèque . Or , cotte longuour d~abeorption qui est ~~~nvj ro~ 15~~*ma )i. 850 no posse k environ 250 ,um pour ) .  — 1 060 no (DASH , V.0 . ,  1955 . ) Il en résulte quo l& r5ali—
cation do diepoeitife tree seneib l~s aera rendue pluS aisée pour las cpplicationa dana 1* bande 800—900 no
que pour cell~~a 1060 na.

Enfi n , dane tota. Los cae, le dCp6t d’ uno couche antireflet au nitrure do siliciun oentrée eur la
lo ngusur d’ onde utilisC. perme t uric reduction importanto des pertes a l’interfaoe air—silicium , porte. qui
sont do ~(Y~ en l’absenc. d’ uno t .l1~ couche .

_ _-- —- -.~~ 
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2.2. Tomes de réponse
Lea l±~~tations du tempo do réponse dos photodiodes a avalanche sent lee suivantes

— le temp o de t ransit des porteura dana la zone de charge d’ espace .
— le tempo de diffusion nécessaire aux porteurs créés hors do 10 zone de charge d’ espa co pour

atteind re colle—ci.
- enf in , le tempo dp misc en avalanche 114 an phénomène de multiplication des porteurs.

Céi~4ralement, cette derriere limitation n ’intervient qu ’aux fortes valeurs de multiplication
( ICANEDA , T. ,  197~ ). Los derriere r4eultat3 expérimentaux conduisent -a un tempo de misc en avalanche
inférieur k 100 p. pour uri facteur de multiplication M — 100 .

Pour obtenir des dispoeitife performante, il faut absolument rendre négligeablo la contribution
des porteurs qui atteignent Ia gone do charge d’ospaco par diffusion, ce dernior procesaus étant parti—
cul ièreeent lent. D’oli la nécessitC do ~-ravailler en régime de depletion totale.

~~fin , le temp o do t ransit des porteure dons la zone de charge d’ espace sera rendu minimum si -

La champ électrique dane la gone do collection des porteurR eat suffieaminent élevé pour entrainor lee
porteure a leur vitesse do saturation qui eet d’environ i O t  cm/s . Uric estimation groseièro permet d’évalue r
le tempo do t ransit k environ I no pour 5O1

,um d ’é paiaseur do zone active .

l~.ns do telles conditions , il sera possible do realuser des photodiodes a bonne aensibilité et
gronde rapidité dane la bande spectrale 800 — 900 no avec uric épaisseur do zone active égale a 2O jum .
L’ ut i l isation do substrate a zone active d’épaisseur ~ 50 jum conduira a m e  sensibilité élevCe ~aia

uric rapiditC moyenne. Par contra, a ~~~~.r 1 060 no, is aonaiHii té intrinaèque acre faible si l ’ on cherchea obtenir doe tempo do reponse infCrieurs ou do l’ordre de I ne .

2.3. Factour de multiplication
Soua l’action d’un champ électrique intense, lee porteurs primaires traversant la zone de charge

d’ espace pauvent acquCri r une énergie euffisante pour ioniser lore de chocs lee atomea du réseau crietallin
cr4ant ~insi dos paires électron—trou aecondaires. Cellea—ci a leur tour pouvent ~tre accClérCes suffisam—
ment et proJoquer des ionisationa en cascade. .Par consequent, un soul photon abaorbé dons la zone active
pout sinai dorme r naissance a un photocourant importan t par eff et d’ avalanche . La facteur de multiplication
cr’ it rapidement avec la tension appliqudo dana lo cas d’une jonction N4-P car les coefficients d’ionisation
des porteurs variont exponentiellement avec le champ Clectrique. Dc plus , dane 10 silicium, le pouvoir
iniodisant des electrons Ctant beaucoup plus grand que ccliii des trous, le facteur do multiplication acre
d’ autant plus élevé quo la propo rt ion des éloctrons dane le courant primaire mnjecté sera importante .

Aussi, pour assurer uric multiplication élevée, la zone d’avalanche s’étendra—t--elle seulement dans
La coucho F, la zone de collection occupan t toute la couche ir . Pour l~s longueurs d’onde utilieêes tel,
l’injoction du rayonnement incident pout se faire ir,différemment c8t4 N ou c~té p.f dana le cas de couches
N4- et P4- superficielles .

Enfin, la separation do la zone active en dciii regions adjacentea, la zone d’avalanche et la
zone de collection , entraine uric variation mom s rapide de la multiplication en fonction do la tension
ap p liqué e, comme on le verra plus loin.

2.4. Sruit de multiplication

La bruit de mult ipl icat ion liC au caractèr’e statistique du phénomène d’avalanche depend de is
val~ur du champ électrique et do sa distribution dane la region d’avalanche. L’analyae du comportementen brui dee photodiodes a avalanche a ete faite par Mc INTYRE, R.J . ,  1966. Il a montré que 10 rapport
k ~ oL~~1~ sont respectivement lea. coefficients d’ionieation doe electrons et dee trous, joue
un rôle eesentiel. En porticuller, le facteur d’excèe do bruit F, dCfini par la relation (i)

= 2 q I ~~M~~F Ci )
o~i I ost 10 courant primaire mnjectC,est 10 plus foible si lea porteurs injectés ont le plus fort coef—
fici~nt d’i~nisation . Ainsi, dana le cas du silicium , 10 facteur d’excèe de bruit e’exprime par la rela-
tion (2) pour uric injer-tion d’électrons seule

F = ~ — (1_k)((M._1 )~~
] 

(2)

Cotta relation montre que pour diminuer F pour uric valaur de multiplication donnée M, il est néceseaire
do reduire La valour de k. Ceci pout ~tre obtonu par Un abaissement du champ électrique dane la region
d’avalar che.

1$
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3. FRINCIPE DE FONCTIONNEMENT

La fonctio nnement des phot diodes a avalanche do structure V~iyPN
4 classique eat  i l lus t ré  sur La

fi~-uro 2 o’u sont représen tés i~ profiyi de concentration , La dis tr ibution du champ élec t rique pour 3 ten-
sions de polarisation et une courbe de multiplication typique . Awn faibles tensions de polarisation La
zone de charge d’espace eat oonfinée dana la c u che P. Lorsque La tension augmente , l’extr~mit( de La zone
de charge I’espace se déplace juaqu’h at teindre La couche IT pour me trrlsion appliquée V

0, 
juste avant

le claq uage par avalanche de La jonction N4P. La facteur de multiplication atteint typiquement uric valeur
do 1( ~ a 30 en r-~ point. Pour toute tension supérieure a v0, is zone de charge d’espace s’étend a travera
tDute le couche ly faiblement dopée. Tout accrdssement de tension par rapport a v0 se tro uve prat iquement
ré pa rt i awn berries de la couche lr et y ét ablit un champ électrique preaque constant.

Si l’é~~i~~O~i~- de la couche tr eat grande par rapport ~ celle de La couche P, le champ électrique
a La jonction N~P variera peu pour toute tension appliquée supCrieure k V0. La caractéristique de multipli-
ca tion M ( v )  présente ainsi un “palier ’, typique du fonctionnement d’me telle structure .

Ii fau ’ remarquer que généralemerit le point de fonctionnement d’une tel le  diode ea t si tué bien
au—deia du “poller afin de bénéficier d’unu ru lt ip l icat ioi i  élevée. -

L’obtention do façon reproductible dos caractériatiques do multiplication 14 (v) souhajtéea suppose
que l’ on sache contr~ler avec une bonrie precision (i i(

~~) los profils do concentration des couches N
4- et P.

En e f f e t , si La couche P cot trop large, le claquage do la jonction N4-P intervient avant l’extenaion de La
zone de charge d’eapace dane la couche iy (fig 2 c, courbe i) ; si d i e  eat trop étroite , l’extension dana
La couche ir intervient trop tdt et la multiplication reste faible jusqu ’a des velours do tensicn tree
élevCes (fig 2 c , courbe 3).

4. STRUCTURES p~fl~p~
4- ETUDIEE S

La technologue dispose do noabreuses possibilitéa quant a la réalisation des diodes do structure
F~~PN+ . Entre le chuix de la nature de la jonction N4-P et celui des divers profils de concentration persia
par Lee moyens do dopage actuels , ii exists do nombreuses combinaisons poeaiblee, acme si actuellement
l’ impiantation ionique eat pratiqueinent l’unlque technique employee pour 10 dopage des couches P. En effet,
l’implantation ionique présente par rapport aux techniques oonventionnelles de diffusion ou d’épitaxie des
avantages d’intérét primordial : la reproductibiiité et le contrôle auffiscmment précis de la quantité de
charges d’une part et de l’éniergle d’implantation d’autre part.

La recherche de dispositifs a faibh i t  généralement a adopter des structurea a champ
éiectrique maximum le plus faible possible, coal ec lee techniques de dopage disponibles. Pour
notre par t, nous avons opté p~u r lea solut ions s

— couche P a profil de concentraU’n gao .
~ 3) obtenu par implantation suivie d’me diff usion

longue.
— couche P enterrée (fig 4) obtenue par implantation a haute énergue
avec des jonctions N4-P abruptes dane lea deux cas.

La structure P+.fl.P1i+ claesique a dom e lieu a dee réaliaations tree variées. Citons, parmi d’au tres
cellos do WEBB, P .P, 1974, do BERCBTOLD, K., 1 975, de BOCH, B., 1 976, qui préaentent chacune leur propre
interet. Cherchant a reauser un dispoaitif travaillant sous me tension mcyenne ( ~ 200 V ) nous avons Cté
amenés en consequence a choiair tine valour do tension V0 ~ 50 V . Une simulation our ordi nateur nous a
ensuito per-mis do préciser les conditions expérimentales do l ’implantation et  do la diffusion. Cependan t ,
l’abaissement de la valour de la tension V

0 
entraine un accroissement du champ éleotrique d’avaiancho et

done uric degradation du factour d’ excès do bruit.

La structure P4--~~P-,y N
4- a couche p onterrée (LECROSNIER , D., 1975) offro l’avantage d’une region

d’avalanche tree Ctendue oh règnie un champ électrique constant relativement faible (— 3.10~ V/cm). Cette
couche P enterrée est très avantageumement réallsée par uzie iap~antatior lonique a haute énergi e C — i 14ev) ,
la position ot la concentration maximale de la couche ne dépendant ree~s’~tiveoent quo do l’énergie d’impisn—tation E0 et do La dose implantée Q.

Las simulations effectuées sur ordinateur aveo un profii caricatural (fig ~ c) montrent l’infiuence
deo divers paramètree sun la caractCrustique 14 (v) profondeur xj do la jonction N ly , énergie d’implanta—
tion E , dose implantéo Q, concentration N~ du substrat (fig 5 et 6). On rema~quera qu ’il euffit d’une varia—
tin  de° ~ I~~ de la dose impiantCe , les autre e parametres rer tart fixes, pour paeaer d’wie bonne caractéris—
tique è une caractéristique aous—diffusée ou aurdiffuée .

Las caractCristiques 14 (v) calculéee pour différentes doses implantCos dons lo cae d’un substrat
épitaxié no présentent plus de “palier” de multiplication (fig 7).

(‘otto structure est ~~~~~~~~~~~~~~ d’eseais réalisée avoc tine coucho p a concentration constanto
obtenus par dos implan tatri ns multiples a différentes energies. Mais lee tolérancee our 10 couple concentra—
tion—épaisaeur de la couche P étaient si critiques qu’ellos interdisaient toute reproductibilité, cc qul
nous a conduit a abandonner cc procédé.
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5. REALISAT ION

Los corposants do form. circulairo sort réalisée stir dea substrate homogènes do type P faiblement
dopes (

~A~~ 2. 10 13 atomea. cm—3 ) ou s~ r des substrate épitaxiés dont la couche épitaxiale P do concentra-
tion NA Or 5.1014 atomes.czr~3 et d’Cpaisseur 201ua est déposée sur tin aubatrat P4-. La jonctiori N+~~ jouantle rMe d’annoau do garde porme t d ’êvitor los €laquages périphéri ques. L’anneau stoppeur P+ a pour but do
limiter eensiblement los courants de fuite superficiels due a la couche d’inver-sion qui se développe a la
surface des substrats P faiblement dopes.

Tous los compoeants sort réaiisé. on techno1og~ia planar pour éviter les problCmea do passivation
inhérents C ia technologie eCea (BOLLEN , L.J, 1976).

Enf in, los suuistrats homogCnee subissent tin emincissoment localisé par uric attaquo chimique avec
masquage par résine pnotosensible of in do ramener La zone activ~ C tine épaisseur infCrioure C 50,,um .

5.1. Structure P41TPN4 claasioue -

La realisation do cotto etructure so fait  solon le procédé suivant : spree orydation ot diffusion
do l’anneau etoppeur ~

1
, La zono active (coucho p) eat ouverte par photogravure , puis implantée localement

(ions bore, dose Q = 5.1012 ions.cir~
2, énorgie E0 100 key) , l’oxyde servant do masque. Puis lea charges

sont redistribuées par tine diffusion do 31° hour-es a T = 1100°C. Enfin, la j nction N4-P eat obtenu par uric
diffusion phosphors d’~~e durée plus ou mom s longue Ic facon a obtenir la caractéristique M (v) souhaitée .

5.2. Structure P~,yPiy&~

AprCs oxydation et diffusion P~ do l’anneau stoppe ur et la couche do reprise do contact, la zone
144- eet diffusCe euporficiollement (xi ~ . O , 3j u m) .  Puis tin f i lm épais ( i o jum ) do rCsine photosenaible
servan t C masquer l’implantation a haute énêrgie oat déposé sun touto burfaco . Apr-es ouverturo des zones
activos, lee plaques sort implantées C la dose souhaitée (1 ,2 — 1 ,8.10 ‘ iona.cnr2) sous forte énergie
CE0 = i P1eV). Las plaques sont alora nettoyéos et lee charges implszitéea sent renduee électriquenent acti—
yes par un recuit (P — 900°C, 20 on) .  Enfin 51 e d o  s’avère nécessaire, la tension do claquage est amenée
a la valeur aouhaitée par des recuits succosaifs a T = 950°C.

L’emploi do l’implantation C haute énergie simplif io beaucoup le procédé do fabrication en suppri—
mar t tin traitesent thermique C haute temperature do longue durCe .

tIes structures analogues ont été récemment décrites dans la littCrature, mais leur réalieation
felt appo l soi t C tine canalisation dana 10 direction ~~1 10> (KA NEDA , P., 1 976)peu reproductThle, soit a
tine implantation auivio d’une épitaxie C basso temperature (KANBE, B., 1976) aboutiesan t C tin dispositif
en technologie mesa avec los inconvénienta ~~~~~ telle technologie.

6. R$ISULTATS EXPERIMENTAUX

Lee conditions expérimontalea defin es a partir doe simulations sur ordinatour nous ant pormis do
rCalieer dc facon reproductible des composants d’un diametre de zone active 0 = l5O jum auasi bien our
matériau homogène creusC que aur substra t épitaxié solon los down structures. La cofuparaieon doe résultats
obtenua par-met de .Cparer lee composants an down categories coux réaiieéa our matériau honiogCne creuró C
forte sensibilitC et moyenne rapidité et ceux réaiieés sur substrat épitaxié a grande rapidilé mais moyenne
sonsibilité.

6. 1 . PlatCriau homo~eno cre usé

I~e tableau I resume lee performances obtenues sun matérian homogene aminci locaiemont (epaiaaeur
do 1* zone active ~~. 50,

,um) .

P~~~ Pyr N+

Zone active (duamC tre) 150 150 
,
,um

Teniaion de claquage VB 150 — 200 120 — 180 V
Tension V0 50 30 V
Courant d’obscurité (0,9 VB) ~ 10 ~ 10 nA
Capacité 1 ,0 1,0 pF
Multiplication u ,ile Mu ~ 100 ~~ 100
Senaibilité globale 

850 ma 50 50 A/W
iO6O nm 7 7 A/W

Temp. do montée C 1 1 ma
Temp. do doacente’

~rd 
1 1 no *

.../
TABLEAU L,

-4-

__  _ _  _ _ _ _  ~1
- -  —
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La figu re 8 présente lee caractéristiquos do multi~lication 14 (v) typiques do cheque structure
étudiCo . Pour des performances équivaientee, La structure PivPlrN4- C couche P enterréo pe rme t d ’ ob tenir
des dispositifs C plus faible tension. En effet, on pout aisCment obtenir uric tension V0 faible (par
eze~plo V0 = 30 V) avec us gain Mo rolativement élevC (entro 311 et so) pour uric valeur coapOrable do La
pente du “palier” do multiplication. Dane uric telle structure, la tension V sur tin substrat dom e
depend uriiquement do l’Cnergie d’implantation. Soit V0 )OV pour E0 . I Me~ ot V0 = 50 V pour E0 = 2 MoV .

La structure C couche P enterrCe offr e aussiJ~’avantago d’uri champ Clectr iqu e d’avalar -he faiblo ,
,, en raison do La largeur do is region d’avalancho (1 ,5~u~o pour V0 = 30 v) Aussi, le fac~eur d’excbs debruit espéré de telles diodes set—iL plus faible quo €elui des diodes do etructure P4-0 ~44- elaseique .

La sensibilité globale eat indépendante do La structure doe diodes. Pour tine mul t i plication M
~ =1~~C,

la sensibilité globale eat Cgale C S = 50 A/W C = 850 mm. Cette eensibilitc c u t~ C S = 7 A/W C
= 1060 no. Cetto derriere valour pout ètre ame n Co C S = 10 A/W en ~-eritrant bion La couche ant i refle t .

En outre , La sensibilitC globalo pout 6tre augmentée en mCtallieant La face oppoeCe C La face par laquelle
pénCtre 10 rayonnoment.

La cliché I montro tine réponse typique do photodiodee creusées localement C tine impuLeion Caise
par tin laser DHJ (Lal _xAlxAe. Pour tine épaisseur de zone active inférioure C 501um , Los tempo do montCe
et d~ doeconte ~~d 

sont aenaibLement égaux C ~~m9
td I nO .

Lea courants d’obscurité Cla tension do fonctionnement sort infériours C i~,< 10 mA . Cos courantssort avant tout d’origino auperficielle.

6.2. Substrat épitaxiC

Las performances obtonues sur subatrat épitaxié sent rapportées dana le tableau 2.

TABLEAU 2.

P4-IT PN~ P~vr PirN

Zone active (diamètre ) 150 150 1urn
Tension do claquage V 150 — 200 150 — 300 V
Courant d’obscurité (~,9 VB) ~~200 ~~200 pA
Capacit C 1 ,0 1 ,0 pF
Multiplication utile M.~ 80 60
SensibilitC globale 850 ~.m 32 25 A/W

1060 n’i 2 1 ,5 A/V
Tompa do montée t~ ‘500 < 500 pa
‘I’ompe do desconto . 1 ~~7 000 ~~500 pa

Las caractériatiques do multiplication M (v) typiques reLevCee stir Lee diodes réalieées stir
substrat épitazié (fig 9) no montrent poe do “pa~~er” de multiplication. Lea multiplications utiles sontactuellement plus élevées pour lee diodes do structure P4-is PN+. Cependant pour lee diodes de structure ~
coucho P enterréo , la tension do claquage VB pout ~tre ajustéo dana tine très Large gamme en jouant sun la
dose implantéo sans nuire awn performances.

La fac teur d’excCs do brui t doe structures P PivN ’ eat plus faible quo celui dea structures
comm. l’ont conf irme des travaux rCcents effectuCs stir des structures tree voieinos (KANBE , H, 1976)

(KANEDA, T., 1976). on pout raisonnablement caper-er des valour-s do k pr-echos do k0ff 0,03.

ho cliché 2 prCsente la réponse C tine impulsion Cmiee par us laser L)EJ Gai...~AlxA. d’urie photodiodedo structure P4-,rP~rN4-. Cos diodes remarquablement rapidea ( ~~~ V~ < 500 ps) ne préeontent pee do compo—
sante lonte C la descents . La cliché 3 montre tine rCponee a uric impulsion émise par us laser YAC, do large r
C mi—hauteur do 320 pa. Ces rapiditde peuvont •tre obtenues memo C faible valeur de polarisation (Vp~~50 V).

Pour rCalisor des photodiodos do structure P+VI PN4- C grande rapidité, il faut conserver la transi-
tion C l’in terfaco P/Pt du subetra t épitaxiC auaei abrupte que possible et donc limiter an minimum la
durCe doe traitements thermiquos C haute temperature . Las performances obtenues eont alors légCremont
infCrieures C is doscente C cello. des diode. de structure FtrP,r N4- .Pour des diffusions trBs longues
(30 hour-os C P — 1i00°c),  1* descent. present. uric composante lento d’environ 6 C 8 no rend~nt b u n  uti li—
sation impropre awn applications C gmnde rapiditd.

Lee sensibilitCs globales obtenuos C = 850 no eont respoctivement S = 32 A/V ot S = 25 A/V pour
1* structure P4-if PW~ et La structure P~,yP7r 144- . A >. = 1 060 no, lea senaibilitCs tombent C doe valours
faiblos (~~ 2 A/If) C cause de La foible Cpaiaeour de be zone active . Uris amelioration do la sensibilitC
par augaent~tion do l’Cpaismeur do la couch. Cpi taxiCe .ntrafnerait tin accroiseament de la tension de
claquage et tin allongemart du tamp. do rCpon.o .

Enf in , 1.. courants 4~obacurj t~ C 1* teneion 4. fonctionno.snt pour lee compoeants réalisés eur
subatra t CpitaziC cant typiquoment do 200 = 300 pa.

. ../

•1. ~~~~~~
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7. C ( NC LUSION S

Down typo s de photodiod ee C avalanche pour lee applications awn systCme e do communications
op tiques ont etC réalieCe solon doux structures diffCrentea . La premier typo rCalisC sur eubstrat homogene
creueC eat destine awn applicak ions C faible nivoau et moyenrie fréquence alore quo le second type obtenu
stir subatrat épitaxié ost particuliCrement bier adaptC awn applications C haute frdquence. Las perf o rmances
en sensibilitC sont tres attrayan ,.~~ dana La bande epectrale 800 — 900 no oL ae situent La majoritC des
e~urces utiliaCes dana les communications optiques. La faible sensibilité dee diode. C )= 1 060 mm li~ite
leur utiliaation C cetto longueur d’onde awn applications ~ fo rt niveau. Cependant , tine amelioration impor—
tante do is senaibilité pourrait Atro obtonue sur tine structure C coucho active mince en augeentant Le
parcours do La lumière dane La zone active par dee réfloxions multiples (MULLER , 1 976).

L’expdrience a montré quo la réalisation de dispoaitifs perforinanta dtait plus aisCe stir substrat
épitaxiC que our aubstrat homogCne crousé, l’opération d’aminciesement bocalisC C tan t alore supprimCe.
Ceci nous a conduit C réserver, ~auf cas particuliere, be réalisation des j. otodiodes C avalanche stir
subatra t homogene awn applications tellea que la téiCmCtrie par laser YAG nécessitant tine sensibilitC
tree élevêo mais uflo faiblo rapidité.

&if in, los avantages préaentés par la structure p+.~ p~ N
+ C couche P en. ~rrCe obtenue par implan-

tation icnique C haute énergie (E = 1 14eV) meilleur facteur d’excee do bruit d’une part simplicité de
fabrication d’autro part, nous on~ amenés ~ prCférer cette structure C be structure P~s~ PN~, isalgre la
meilleure sensibilité giobalo offerte par celle—ci.
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Cliché I Réponse impulsionnelle typique des photodiodes réalisées sur substrat homogéne creusé
(X = 870 nm) . Echelle horizonta le: I ns/ div

Cliché 2 Réponse irnpulsionne lle typique des photodiodes de structure P~ir P ,r N~ sur substrat épitaxië
(X = 870 nm). Echelle horizontale: 50 ps/div

ChchC 3 RCponse impulsionnelle d une pho todiod~ do structure P~~P % N° sur subst ra t Cpitax ie 
I(X 1060 nm) Echelle horizontalc: 200 ps/div
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ThE RELIABILITY OF HIGH RA0I&l4~E GaAs LEGS

S. 0. Hersee
Allen Clark Research Centre
The Plessey Company Limited
Caswell Towcester Northants.

U .K.

ABSThACT

Extended lifetesting of diff used Junction LED’s has revealed that degradation is due to two
apparently independent procesres. Evidence is presented which indicates that both of these processes are
diffusion controlled.

On the basig of these results the room—temperature lifetime of a typical LED is predicted to be
approximately 10 hours.

IN IRODU CTION

The LED’s which were studied were of the Burrus (1970) type with the addition ~f eq integral heat
sink. The p—n juctions were formed by zinc diffusion into a silicon—doped (2 ij l cm -’) GaAs substrate.
Themnitting region was defined either by silicon dioxide isolation as shown in fig. I or by proton
bombardment , in which case the material outside the required emitting region was made semi—insulating.

Dey ices, with emitting diameters of 50 microns, have been produced with radiances of up to 100 W
st~~ cm -’ (at 300 mA) and with a typical bandwidth of 30 to 50 Mlix.

Degradation rates at room temperature were in general f ound to be very low thus in order to acgelerate
the process most of the experiment s were performed at elevated temperatures of between 35°C and 215 C.
However, there is some doubt as to the relevance of those experiments performed at temperatures in excess
of 150°C for we have found that a thermal strain exists at the metal/semiconductor interface on the p-side.
In LED’s of a different geometry this strain was sufficient to generate misfit dislocations after extended
operation at 154°C.

Therefore only experiments performed at temperatures lower than l500C are reported here.

It was only after extended lifetesting at high temperature that the complete form of the decay
characteristic emerged . This characteristic showed four well defined stages which are illustrated in
fig. 2.

Most of the devices lifetested showed a rapid initial drop in output power (STAGE 1 deca y)  in which
between 0% and 35% of the output was lost. During the second stage of decay, in clear devices, th~decay rate was lower and decreased cont inuously until it wa~ zero within the measurement accuracy (—2%).
This second stage of decay generally lasted in excess of 10-’ hours e’.en at elevated temperatures.

Devices which showed dark spot defects (DSD’s) or dark line defects (DLD’s) showed an initial drop
which was identical to that f~c clear devices. However, the decay rate ~tsring the second stage of
degra~1ation was generally much higher than for clear devices and as a result the ‘dark defect’ device
generally reached its half output during this stage . In this paper only the degradation of clear devices
is considered.

Clear devices, in particular devices with proton bombardment isol4tion, showed ztable plateau or
st4ge III decay ~hich was again of long duration, e.g. greater than 10’ hours at 130 C or greater than
lO’~ hour s at 100 C.

The third stage of degradation was terminated by the Onset of a degradation process in which the
decay rate slowly increased with time , This fourth stage in the life of these originally clear devices
was accceipanied by the appearance of new DSDs in the device emitting area. At the end of its useful
l ife  a large proportion of the emitting area of each device was found to contain dark structure .

One other process which occurred during degradation was the appearance of dark patches in the
vicinity of ~he emitting region perimeter. These patches occurred after extended operation, e.g. 800
hours at 100 C, yet their appearance did not significantly reduce the device output.

The shape of the characteristic , see f ig .  2 , strongly suggested that there were two independent
decay mechanisms operating in these LED5 . The first mechanism was believed to give rise to the f irst
and second stages cf decay. There was then an interim period (stage I I I )  during which the first
mechanism had ceased yet the second mechanism had not begun to affect the device output . The fourth
stage of decay was observed when the second mechanism began to significantly reduce the output.

The characterisation of each of these stages of deL’radation and the processes which cause them, will
now be discussed.

S TAt E I DEGAY (INI TIAL D5X~AY)

Most of the devices lifetested initially displayed a rapid decay in output. The amoun t of power
lost and the decay rate during this first stage of degradation wcre found to be functions of temperature
and current density.

During this decay the fractional decay rate per unit time was constant thus the decay curve
foUowed an exponential relationship of the form; Pt — 

~0 exp(— A t )  (1)

-— - —-- _ - -t-._ ——------ -~
__________•_ _ — - - — —- 
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whe re P0 and ~‘t 
arc the output power at times t — 0 and t t respectively and X is the fractional decay

rate ( hr 1).

This relationship was revealed by subtracting the sub sequent part of the decay curve from the total
curve, as in f i g. 3. For each stage I decay this curve fitting procedure was carried out and a value of
decay rate was obtained.

The variation in decay rate with reciprocal temperature is plotted in fig. 4. The large scatter of
decay rates within a group of devices was due to real differences in this rate rather than inaccuracies
in f i t t ing the relationship of equation (1) to the data. This plot yielded an activation energy of
between 0.54 eV and 0.86 eV for the stage 1 degradation process.

The variation of decay rate with current for 50 micron, Si02 isolated devices from batch D1O4B is
shown in f ig.  5. This curve showed that the decay rate was appro,dmately proportional to current density.

The amount of output power lost in the initial drop was also found to be a function of temperature ,
see fig. 6. There was a large variation in the initial drop, even between devices from the same batch ,
however,0the initial drop was shown to increase with temperature possibly levelling out at temperatures
above 50 C.

The variation of si ze of the initial drop with current density is shown in Table 1.

TABLE 1

Fall in Output for 50 microns, 5i02, LED~s

Bias Current Decay as a fraction
of initial output

mA

300 6.~
100 16
50 21.8
13 28.5

The real loss of output was largest for devices which were operated at the higher currents (300 mA
and 100 mA). However, the fractional initial drop increaced with decreasing current. This strongly
suggested that the initial decay was primarily associated with recombination in the depletion region, as
the ~ ace—charge recombination—coinponent of the tots]. current was dominant at low operating currents.

f lux-I us (1970) also found an initial drop in a similar type of LED. He showed that if the diodes
were operated in a pulsed mode, in which the normal forward bias was periodically interrupted by a
reverse bias pulse, then the initial drop could be removed. He suggested that this degradation mechanism
involved the diffusion of an electrically active “killer” species.

We have repeated this exper iment using a reverse bias pulse of —4V, duty factor 15% and pulse rep.
rate of 10 kp~p.s to interrupt the forward bias. Signif icant reductions in the initial drop were achieved
as shown in table 2.

TABLE 2

Initial Drop %Temperature Net Forward __________________________

Current Pulsed D CC m/t Operation Operation

181 300 7 14
100 300 0 15

It should be noted , however, that on returning to normal D.C. operation the pulsed devices displayed the
typical initial drop.

Devices were found no~ to degrade under zero bias , or reverse bias conditions, e.g. our devices have
been held uiibiassed at 215”C for 250 hours with no loss of efficiency. However, the requirement of a
forward bias for degradation could either mean that the degradation process was assisted by the device
cli- -t r i i~ I iold or that the power dissipation at the junction (typically 450 ii~ under forward bias)
establt”-,ed temperature gradients that provided the driving force for the decay process.

The reverse—bia s puls- exper iment in fact removed this ambiguity as in this experiment the j unction - -

temperature was the same as under normal forward bias operation yet a much smaller initial drop was
observed.

— Thus the mechanism responsible for this decay was believed to involve a charged species which was
influenced by the junction field.

knibb et. *1. (1976) found an initial drop in GaP LED’s and showed that this drop was si~ sicant1y
red-iced when the device slices were sawn on an aluminium rather than a copper base. They suggested that
copper had contaminated the devices and had later diffused into the junction re’~ion where it provided

- - -- - -- 
- — 
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non—radiative recombination centres.

There was no obvious source of copper contamination in the processing of our devices other than in
the substrate material . With the exception of MCP and Litronix substrates the copper concentration in
the substrate was generally undetectable by mass spectrograph, i.e. ~~O.OO3 p.p.m. atomic. In MCP
material the copper level was typically 0.1 ppa* atomic while in the Litroni x material the level was
unknown, however neithe of these two types of substrate gave devices with a consistently high initial
drop.

Both the n and p side contacts on these LEDs contained gold which is known to give rise to deep levels
in GaAs, see Boltaks (1963). On certain devices a thin palladium layer was therefore interposed between
the Ti and Au metallisation layers of the p— side contact. (Pal ladium is known to inhibit the diffusion of
gold). However no correlation was found between devices showing a low initial decay and those containing
a palladium layer.

STAGE II and STAGE III behaviour

The duration of this decay was typically lO~ hours even at high temperatures , and during this t ime
typically 5% of the LED output was lost. This duration was difficult to measure accurately as the decay
rate was small and continuously decreasing . However , the second stages of decay in proton implanted
devices and silicon dionide type devices were f ound to be significantly different , see fig. 7.

The behaviour of these LEDt S during the first , second and third stages of decay can be explained on
the basis of a diffusion model similar to that proposed by Longini (1962 ) which will now be described.

A P 9 ~usion model for LED Degradation

Lonçini (1962 ) proposed that the degradation of tunnel diodes was due to the diffusion of zinc (the
p—dopant ) across the junction where the resulting compensation reduced the device efficiency. This
diffusion was normally retarded by the ‘built—in’ field at the junction, however under forward bias the
retarding potential was removed.

For the reasons given earlier the stage I decay process was believed to be influenced by the junction
fi eld. Thus the degradation -.iould be expected to be most severe in the high field region of the device ,
i.e. in the depletion region. This was the case , for the highest fractional stage I decay occurred at
the lowest bias current s, see table 1, where most of the carrier recomb ination was in the vicinity of the
deple tion layer.

A field aided mechanism tend s to rile out the possibility that this decay was caused by the diff us ion
of a ~kj l1~r~ species , e.g. copper, from the p—side contact. For even if this species were charged the
diffusion would be largely unaffected by the junction field. Also it would give rise to concentration
gradients such that a larger fractional initial decay would be expected at higher currents rather than
lower currents as was observed experimentaLly.

There is no shortage of evidence showing that the stage I and stage II decays are due to the
introduction of non radiative recombination centres in the junction vicinity, see for example Schade(l )7 1),
Yang (1971), Fabre (1974). However , there has always been some doubt as to whether such centres have
arrived by diff usion or have been created by the ~phonon kick ’ mechanism that was postulated by Gold and
Weisberg (1961).

As a result of these measurements, in whi ch the complete form of the decay characteristic has been
established, we believe that the phonon—kick mechanism could not be responsible for the first  and second
stages of decay. The ‘phonon kick 1 principle is that certain non—radiative recombination events can give
enough energy to the lattice to create Frenkel defects (an interstitial and a vacancy) which ~ight then
act as non—radiative recombination centres. If this were the case then the decay rate would be expected
to increase with time, as the number ot non—radiative events increased. Exper imentally, see fig. 2, the
decay rate was observed to decrease with time.

There are two likely diffusion processes which might account for the observed decay, the se are
f i rstly, the diffusion of ainc across the junction or secondly, the diffusion of a negatively charged
spec ies from the n—~ii c  of the junction into the recombination region. Both of these processes wil l  be
shown to give a degradation behaviour that is in qualitative agreenien~ with the observed behaviour. For
the diffusion of zinc to be enhanced by the forward bias the diffusing species would require a positive
charge. It has been suggested by Thck (1974) and others , that the highly mobile zinc interstitial atom,
which is believed to be the dominant diffuser of the zinc species, does in fact act as a donor and
therefore has a positive charge. Also the measured activation energy of between 0.54 eV and 0.~’4 eV was
not thought to be unreasonable for the zinc diffusion process.

The second process involved the diffusion of a negatively charged “killer” species across the junction.
At this time it is only possible to specuiate as to the nature of such a species. However , Schad e (1971)
and Fabre (1974) have found that defects with energy levels in the range 0.2 eV to 0.55 eV (from either
band ) are created during the degradation of ternary—compound LEDs . In one case the level at 0.55 eV was
associated with copper.

Using either model the first three stages of degradation can be predicted.

Diffusion will only occur in the forward biassed (reduced junction field) regions. The application
of a forward bias therefore defines a finite volume of material i.e. a finite diffusion source , from
which diffusion can occur. The diffusion rate from such a source will decrease continuously with t ime
eventually reaching zero. This was observed experimentall y as the first and second stages of decay.
The extremely long stage II decay was believed to arise from diffusion at the periphery of the emitting
region where the bias was less, thus the diffusion was inhibited by the larger j unction field. In support

- - -~~-- _ _ _ . ~~~~_-__ ---- - _ _ _ _ _ _ _ _
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of this belief was the comparison between the proton implanted and silicon dioxide isolated devices, see
fig. 7. In the implanted device the peripheral region was more sharply defined than in the Si02 device
and the duration of the stage II decay was shorter. The majority of the devices lifetested have shown
the first Wo stages of decay and have now reached their plateau or staule output region, see figures 8,
9, and 10. from figure 6 it can been seen that for operating temperatures around room temperature a
smell initial drop of up to 10% can be expected. Allowing for a 5% lose of output during the second
stage of decay the device the re fore reaches the plateau or stage III with probably greater than 85% of
its’ original output power. In the absence of any other degradation process it is believed that the LED
output will then remain constant.

STAGE IV D~~AT

In our lifetests only one device has shown a stage IV decay, see figure 10. Lifetests at higher
tem~eratin’e, Wakefield (1977), have shown that the stage TV decay begins after typically 2000 hours at
135 C (bias current 300 mA, 50 microns LEDs). These devices all e,thibited new dark spot defects in their
emitting areas. In our experiments, although we do not yet have a significant number of devices at their
fourth stage of decay, some dark defect growth has been observed.

During the second and third stages of decay faint dark patches, see figure 11, appeared in the
emitting regions of most LEDs. With subsequent operation these patches darkened and in some devices
distinct dark spot defects were produced in the dark patch regions, see figure 12. The production of these
defects was not accompanied by a corresponding loss of output and indeed many of these features have
appeared during the stable stage III period . As the LED output remained constant it was concluded that
these dark defects were ~onducting little or no current.

At this time we do not have enough evidence to conclusively determine the cause of these dark defects
and the associated fourth stage of decay. However, a likely process is the diffusion of a ~kille~ t species
from the p—side contact.

On several occasions we have removed the p—side contact from degraded devices and have found that
part of the contact has alloyed with the GaAs. The alloy particles were oriented in (llO> direction and
were similar in appearance to Au—Ga precipitates which have been observed by Magee et. al (1975) after
heating a gold/GaAs structure.

Alter heating device chips 400°C for 5 minutes and then removing the p-contact we have detected gold
in the GaAs surface using X—ray microprobe analysis. On one occasion we have found features at the
contact/semiconductor interface that correspond with the IWO and I~ D features in the degraded devices.

If gold is responsible for the f inal degradation of these LED~s then from knowledge of the gold
diffusion coefficient the time before a significant amoun t of gold reaches the junction can be ca1çulate~ .The diffusion ~~efficient of gold in GaAs at room temperature is given by Mochanova (1972 ) at 10 1°ca2s
Taking D 10 and Xj  8 microns (therefore recombination at 6 microns ) then the t ime (T) taken for
signif icant amount of gold to reach the recoisbination region is approximately given by:

T — i2 
= ..~ .t~~~_~2:

7ce2 
= 3.6 x lO~ secs (

~ )
D l0 o m s _ 6

— 10 hours

At 135°C ambient the fourth stage of decay began after approximately 2,250 hours, in 50 micron ,
Si02, LED’s operated at 300 mA D.C. Using eqn. (3) a value of the diffusion coefficient at l35”C was
calculated (again assuming a 6 micron diffusion).

Dl3~OC ~~~ x l0~~ — 4.4 x lO~~~ca2S~~
2.25 x l0~ x 3.6

Using this value and the value quoted by Molchanova (1972) for D at room temperature (l0~~ôcm2S~~) an
activation energy of 0.55 eV was calculated using the Arrenhius relationship, see Tack (1974) .

D — D0 oxp _~~~~~~ 

(~)

where A — activation energy
k — Boltzaann t s const.
T — absolute temperature
D0 constant

The activation energy for gold diffusion in GaAs is unknown, however in other Ill—V compounds (in
which a similar diffusion process would be expected) this value varies between 0.32 eV and 0.65 eV. Thus
the evidence which is available to date indicates that the diffusion of gold from the p-contact is the
probable cause of the stage IV decay in LED~s6 On this basis the lifetime of these devices (with Ti/Au
contacts) will be limited to appro~dmately 10 hours at room temperature •

C0)ELUSIO?’~

It has been shown that the species responsible for the initial stages of degradation eventually
become. exhausted and that during normal operation the LED output them remains constant at approximately
85% of its original level.

The stage IV decay process is believed to be due to gold diffusing from the fl/Au p-side contact.
This decay is not thought to present a serious limitation to LED lifetime as work on contacts for D4PA1T

___-- - -~ .-~~ — - - _ _ _ _ _ _ _ _ _
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devices (Purcell, j., 1Q77) has shown that a much greater contact stability can be achieved by the
deposition of a palladium or platinum layer between the titanium and gold regions of the contact.
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MODULE D’EMISSION A LASER SEMICONDUCTEUR

A. Jacques — L. D’Auria
THOMSON-CSF
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B.P .  10 — 9 140 1 . Or say

(France)

RESUME

Nous exas~inona quelque s uns des principaux probl Cme s qui se posent lors de is concep-
tion ou de Ia réa l i sat ion  d’ un module d ’ê,ni seion C laser seiniconducteur. Nou s Ctud ions successivement
— L ’embase émet t r ice  coust ituCe de

- La puce laser et son support radiateur ,
• is “tgte optique ” de couplage lase r / f i b r e ,
- Is f ibre  optique intermédiaire et son conditionnement d’ ext r CmitC ,
• lea moyens de contr6le du fonctionnement de l’enibase.

— Las circuits  de coilinand e et de contr~ le de l’embase
- circuit élémentaire de counand e,

regulation en temperature du bott ier laser ,
contra le de is puissance optique de sortie.

SUMMARY
We d iscuss some of the most importan t problems regarding the design and the realiza-

tion of an injection laser transmitter module. We consider successively
— The emitter unit  consisting of

- the laser chip and its heat sink ,
- the “la ser—to—fiber coup ling optical head” ,
- the intermediate optical fiber and its termination ,
- the working tests of the emitter un i t .

— The driving and control circuits
- elementary driving circuit ,
- temperature regulation of the laser case ,
- optical power output control.

Le module d C,nissioa 1 laser semiconducteur constitue une interface entre le signal
Clect r ique et le signal optique en vue de sa tranemilsion par une f ibre  optique. Le module d’Cmission que
nous Ctudion s ici (Figure I )  comprend un composant essentiel qui est l’embase Cmettrice C laser semiconduc—
teur et des ci rcui ts  fond amentaux de regulation (temperature de fonctionne ment du laser et contr~ ie du
signal optique de Sor t i e ) .

Nous allons examiner dana cc qui suit  quciques prob lCme s, pa rmi lee plus importants ,
que l’ on rencontre b r a  de Ca conception ou de sa rCalisat ion~ Des probllmes qui seront lies a is nature
du laser semiconducteur ou 1 l ’Ctat  d’ avanceme nt des travaux dan a cc cloinaine ou des problCnies directement
issus des premieres exigences d’un prC—dCveloppement indu striel futur.

I - EMBASE EMETTRICE A LASER SEMICONDUC TEUR
La laser semiconducteur , par lui—mame , ne constitue ~ 55 un composant directement

manipulable St uti b isable bore de l’Claboration d’un module d’Cmission. A cltte notion de composant doit
Ctre associCe ceb le d ’embase émettrice I laser aemiconducteur qui cit essentiellement constituée par
(Figure 2)

— 1. puce laser et son support radiateur ,
— La “tlt. optique ” de couplage laser/fibre supportant l’optique de coupiage et l’extrCmit€ d’entrCe

de La fibre iatermédialrs ,
- is fibre optique intermédiaire qui achemine 1. signal Zumineux A l’extCrieur de l’embase. Cette fibre

eat choisie (diamètre de coeur , Cpaisseur de gam e , ouverture numérique) St compatible avec is fibre
de transmission de is liaison envisages ; Son extrCmitC est mimic d’un conneCteur , -

— lea moycus de contr~le du fonctionnement de l’embase contr6le de is puissance optique Cmise C
l’ald. d’un photodCtecteur aituC en regard di Ia face arriCre du laser et contr8le de is temperature
du bottler laser , par exemple , au moysa d’une tharmistanc. introduit. dana celui—ci .

Chacuns de ces parti es est positionnCe avsc precision et scsllCe sur une semelle
rigide co une en bon contact thermique avec Is battier laser . L’sn.emble est p lace dana Un bottler St
l’embas. éasttric . a. prCsent . avec une entr ée di coemande du laser , une sortie du signa l optique ‘.i
bout di fibre int .raédiaire St deux sorties Cbectr iques di contr3l. (contr8le de is puissance optique St
contral. de La t emperature) .

Moos allon . dan a ci chapitre examiner lee diffCrent ss parties constituantes de I ’eaba.e
émettrice 1 laser semiconducteur.

— —--- - - -- -- 0
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I.) — Ic laser semiconducteur
La puce laser semiconducteur operant en régime continu est du type double hétéro—

structure Cal—a AL~ Aa/Cai_~ Aly As. La zone active bocalisCe par implantation protonique se prCsente
sous is forms d ’un ruban de 12/urn d.Iarge , 400/tim de long et 0.3/urn d’Cpsiaseur . Pour Ies lasers consi— - -

dCrCs ici , lee valeure de x et y coat respectivement 0.35 it 0.08, la longueur d’onde d’émission Ctant
di 830 am avec Un. largeur spectrale de b ’ordre de 2 urn. Lea couranta de scull aont voisins de I5OrnA et
lea puissancea lurnineuae s utile. sont de l’ordre de s11eJ par face. AprC. un tn aoua pointe da pucea laser
(I ), ceiles—ci lout soudCes c8tC couche Cpitaxia le aur Ic bottler en cuivre précCdeniment done et indié 0

et cc evec une bonn. reproductibi litC su niveau de Ia thermique . Enfin ii contact eat pris C l’aide d’un
ruban d’or. Une ~ourb . 4. la puissance optique Cmise per Ia face avant en fonction du cour an t d’injection
en régime. impulsionnebs et continus eat donn~~en examp le C Is Figure 4.a.

Une photographic de laser s montCs cur ieur bottler act non~rCe I La Figure 3. Lea
dimensions typiques du bottler coat 20x6x3 em - Dee caracté niatiques plus precise. des basers aont
données au cours des paragraphes suivanta.

1.2 — Ic coupiage laser/fibre
Las propr iCtCs optique s d’un laser aemiconducteur eont obtenues , pour un courant d’ln—

jection donné , d’une part en mesurant is largeur de Ia zone Cmiasive (champ proche) et d’autre part en
meauran t la repartition angulaire de Ia puissance optique issue du laser dane lea plan s para llele et per—
pendiculaire C Ia jonction (champ lointain) . Un exemple est donnC C la Figure 4 pour un laser dont la
largeur de Ia zone Ciaiasive eat d’e.viron II ,um et u s  demi—ang lea I l/e sont 30’ (plan perpendiculaire
1 is jonction) et 5 (plan para ilCle I is johction). Ic faisceau baser presence donc , du fait de la geo—
metric di la zone éiaisaive, un astigmatism . important dont une forte divergence dana le plan perpendi—
culaire C La jonction qu ’jl faut corriger si nous voulona obtenir un bon rendement de couplage avec une
fibre moltimode de faible ouverture nuMrique .

Hormis Ic couplage direct (2) qui est incéressant (faiblea tolerances de positionnement)
dan a le cas di fibres C lsrges ouverturca numériques (�~, 0.3) et qui de plus fournit une rCfCrence pourl’Cvalustion comparCe des performances des diffCrents types de couplage , un grand nouibre de inéthodes de
couplage out etC propoeCes . L’eneeiiibbe de ces méthodes fait genCralement appeb C une microoptique de
couplage constituCe

— soiL d ’une lenti lle hCmiepherique ou hCmicylindrique rA slieée en bou t de fibre par fusion (3—6) ,
par dCp8t de rCsine hepoxy (7), par photolithographie (8) ou par usinage ionique (9).

— b i t  d’une lentille hemicylindrique hyperbo lique rCaliaCe par abrasion (10, II).
- soit d’une fibre lentille cylindri que p lacCe 1 90 devant la face d’entrée de Ia fibre

de transmission (13)
— soit d’uae fibre conique La cane Ctant obtenu par attaque chimique ou par Ctirage

1 chaud (14) .

Las performances de ccc différentes solutions sont trés variables et dependent trés
toxtement des conditions expCrimentales dont la divergence du faisceau laser et l’ouverture numénique de
la fibre. Li facteur de quelitC (P couplCe avec une optique/P coupiCe en direct) peut varier de 2 1 5
suivan t 1.. cc.. Pour le couplage direct , son rendement , si on auppose le faiaceau gaussien et Ic c&ne
d’acceptance 4. is fibr. uniform . (fibre C sauL d’lndice) est donnC par (2)

~ i.rF(t~M/t~o~ 
) 

~ F(t~.e/t%.o~ )s  (4 -R )

oO sin 9 — ouverture numérique de Ia fibre.
— demi—angle , C lie dana is puissance , dana le plan perpendiculaire

(..L )  ou paral lelS (// ) I la jonction.
C — réflexion de Fresne l (#v 5%).

La fonction erf(tg G /tg o( ) esç reprCsentCe C La Figure 5.

On peut voir sur cette courbe que ’pour une fibre d’ouverture numénique 0.3 et pour
un laser de 30 a5 be rendement de couplage sers dCjl volsin di 502. Or on s’aperçoit, Cur le tableau ci—
aprIl, que si l’adjonction d’une optique 45 coup lage amCliore le rendement elle nCceasite en revanche un
poaltionnament cr1. précis. Di cc fait , pour des fibres de grandes ouvertures numCnique s ii ne sera ~ 55
nCcessaireaent utile , dana l’esprit d’une industria lisation Cventuelie , d’.méljorer le rendement de

• couplag. au prix de tolerance . sCvIrea . II ~~~ eat plus di siCme , comae on peut le voir cur Ic tableau
couparatif ci—.prls, dana I. cas des fibres C faibi.. ouvertur .s numérique. .

— Voir Tableau page suivante —

- Lee conditions souL —Fibre optiqu . O .N. — 0.1
di.mltre coeur — IO0,um

—Laser S.C. 30’ X 5’
0.7 x 5,ua

—In dice optique 1.6

_ _ _ _ _ _ _ _ _ _

~~

0

~~ 

— ~ - - - - 0~ -



42-3

OPTIQUE DE COUPLACE ~ ~ ‘?~ ~ A Y X 4), ç~(%) (Z) (Z) (/um) (/ um) ( / um) degr .~) degrC)

San. 89 19 17 0 —4 500 50 ~ 47 3 ~ IS

Cylindrique I 89 90 80 7.5 ± 7.5 ~ 4 ~ 30 ~ 3 ~ 4

HCmicy lindniq ue 1.6 89 78 69 50 ± 5 ± 2.5 ± 30 ± 3 1.5

HCmisphCrique 1.6 100 78 78 50 ± S ± 2.5 ~ 8 ± 4 .5  ± 1.5

A — distance laser — Optique di coupisge
Y — dCptace ment dans Le plan perpendiculaire C La jonct ion
X — dCplacement dana Le plan de la jonction

4),, cc corresponden t respectivement aux rotations dans is plan de is jonc t ion (axe de rotation pen—
pendiculaire au plan de is jonction) et perpendicu lairement au p lan de La jonc tion (axe de rotation con—
fondu avec is face de sortie du laser) . Las tolerances correspondent I 90% de l’eff icacit C maximale. 11
n’est pa. tenu compte danc cc tableau des rCfiexione di Fresne l que i’on peu c eatimen I 52 par interface.

La toidrance is pius aévCre porte cur Ic dCp lacement pcr pendicu laire au plan de is
jonc tion (Y) it ii fau t envisager , lore de la concep tion di l’embase , d’uciliser soi t des pièces méca—
niques sCvèr ement tolCrancées , aoi t d ’avoir recoura C des méthodes de couplage en dynamique.

Nous présentons ici tine solution que nous avons étudiée au laboratoire et qui eec
basée stir Ii pnincipe propose par Weidel ( 13) . Cette solution qui ut ili se  une f ib re  placée 1 900 de is
fibre intenmCdisire (Figure 6) comae micnolenti l le cy lindrique de couplage . présente un cer ta in  nombre
d’avan tagea dont : is reproductibibit C , ia facili té de misc en oeuvre (poaslbiu i te  d’ un montage collectif
de la fibre intermCdjaire et de is fibre lent iui e)  et la possibi l i té  d’ extension au coupiage simuitané de
pluaieura fibres intermédiaires C tine barette de lasers semiconducteurs par example.

La “tCte optique ” reprCsentCe C la Figure 6 eat constituCe d’un p lan deréfCren ce cc de
cigea dont Ic but eec de guidcr it positionner automatiquement lea fibres lentille at intermCdiaire . La
téte optique support des Clement . dc couplage est alor& aisCment manipulable cc on vient is pn Cposit io—
ncr devant ii bottler laser serniconducteur.

Au moyen dc micromouvements de rotation et de translation , onoptimise le couplage
baaen /fibre en contralant La puissauce optique en sortie de la f ibre int ermCdiaine Ayant at te in t  is posi-
tion optimale on acelie is tlte optique de couplage cur Ia semelle de cuivr e Cur laqueuie avait etC p ré—
aiableme nt soudC le bottier laser. Dee facteura de qualité di 2 1 3 ont etC Sinai obtenus de façon rep C—
titive avec des fibres C saut d’indice , de fa ibie  ouventune numénique (~v 0.12). Bien stir , ccci suppose
que is puce baser semiconducceur~~~~~~ eoudéc au bond de son bottler et que i’axe mCcanique de Ce dennier
ne s’écarte pas de plus de quclques degres de l’axe optique du laser .

Notone enfin que le facteur de qualité de l’op tique choisle depend dgalement du nivesu
de courant d’injec tion dana ii basir , lea champ s pnoche it lointain ainsi que La proportion de fluores-
cence Ctant ~iCs I ci dennier para mCtne (13) .

1 .3 — L.’e~~out de fibre jutermCdjaire be connccteur fibre/fibre
L’extrImité di sortie de lo f ibre interutCdlaire dolt Ctre conditionnCe de te L le  s~,r te

qu ’ell. soit directeme nt connectable C La fibre di transmission. Dc cc talc , son mode de conditionn ~mcnt
eat directe ment lie C Ia connectlque envisagCe.

La connexion des fibre. optique . contrairement aux contacts Cbec tniqu cs se fait en
butC .. L’aligne.ent des fibres C connecter doit ae faire avec une trèa grande precision. A is Figure 7.a
sont schImatlsCe . trois sources mCcaniques de perLe , : le mesalignement axial & , is distance 4 entre
Lea conn.ctC. et ii mCsalignement angulsire 41 - En plus des pertes mecaniques II tau t tenir compte des
pert ., dues C l’état de surface des faces des fibres et aux néflexiona de Friend sun celles—ci. Notone
que La comnexion sirs améliorCe en disposant un diCbect nique adaptateur d’lndice entne lea deux faces des
fibre.. La connixion reste nCanrnoins extrImemsrit sensible au paramCtre e . A Ia Figure 7.b aont tracCes
les pert.. en dS 1 La connexion en fonctlon du mCsalignement axial normailsC i/D c. (D c — diam Ctre du
coeur de La fibre). On peut volt que pour un mCsslignement de lOX on obtien c tine perte voislne de 0.6dB.

Pour on. fibre di 501um di dl.mltne di coeur et de 0.2 d’ouverture nornerique , ii.
tolerance. de connixion sont pour 902 Ce transmission (sans adaptateur d’lndice) .
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Plusieu rs configurat ions de connecteurs monovoics detachable. oat étê propo sCee. Pour
is p lupar t eiles ae rCpar cissen t dana deux groupea : l’ un oil le poaitio nnement des fibres se fait dane Un
c u b a  (15—19), L ’ au tre 00 chacune des fibres est centre. dan, tin embout de réfCrence (20—24). Las per-
f ormances obtenuea dCpendint des fibres uti iiaC e s (ouverture numenique , diam ècre du coeur , nature di is
fibr e • . . )  maia lea percc, C Ia connexion detachable resten t toujouns inf drieu re s C 1dB sans liquide
adap ta teur d ’indice

Nous avon, CtudiC su laboratoine deux embouts appartenant su deuxilme groupe CvoquC
ci—desa us.

Le premier don t on p e t  voir La photographic de Ia face de sortie (Figure 8.a)
utilise trois tiges rigidea parlaitement ce.~ibrCes dont Ic diand tre eat 6,4 fois celui de La fibre 1 condi—
tionner. Ces crois piges oat tin double r~ ie le premier eat de centrer is fibre optique par rapport au
cercie cir conacrit au troja p iges cc Ic aecoi I eat di fournir trois génCratricea di rCfCrence pour Ia
pièce int ermédisire de connexion qui petit itr ’ une simple hague fendue. Cette solution 1 l’avantage d’as—
surer on posicionnement autoinatique cc p reci s ~~ ia f i b r e  ( ~ 3/urn) au centre d’une rCfCrence mecanique.E ll e eat deplus reproductible La forme di La cav _ té reccvant Ia fibre perme t une introduction aisCe di
ce lLe— ci (guidage sur trois genératrices) et conatituc Cvencueilement une reserve pour lea produits di
acellemen t. Des connexions C m o m s de 1dB de perte sans iiquide adaptateur d ’lndice ou t etC aisCment rCa—
liaCea dane ccc conditions . Néaninoiits l ’C troite dCpendance du diamètre des pigea covers Ic diand tre cx—
tCrleur de Is fibre rend cette solution labonieuse quint 1 Ia selection des p igead és lore que le diamètre
exténieur de Is fibre petit varier de piusieuns microns.

Ic deuxième èmbout étudiC au labonatoine est on embout C pincement. On peut voir tine
photographic de sa face de sortie i ii Figure 8.b. Ii s’agl t d’une pièce centrale percCe suivant son axe
cc fendue dana laquelie passe l’ extrèmitC de Ia f~bre I conditionner. Par I’action d’ un fou mreau cou lie—
sant on referme les fentea cc qui a pour e f f e t  de centrer is f ibre par rapport C Ia surfsceextCrieure du
fourreau (non visibie sur is photographic) et d’aasurer Ii maintien de La fibre d m a  l’ernbout.Une tells
solu tion , outre lea avantages de facilitC de misc en oeuvre cc de reproductibilitC , ne nCces~lte aucun
scelie ment de La f ibre  (mIme dens ii cas d’un poli ,sage ui ténieur) et dm ns tine tree large meaure est in—
dépendant du diarnètre de Ia f i b r e C connecter . Dc plus, d i e  perinet di conditionner auasi facilement les
f ibres C gam e optlque souple (fibre silice/siliconipar exemple) mIme si Ic cocur n ’es t pas centre dane
La gam e puisque le serrage s’eff ectue alor8 sun le coeur mIme de la fibre .

Pour lea fibres I gam e op tique nigide nous obtenons lea mInma rCsuitats que pour
l ’embout prCcédensoent dCvnit Dana Ic cas des fibres 1 gam e optique soupli nos premieres mnesurea nous
ant donné di taçon repetee des perte s infCnieures 1 2dB sans liquide adaptateur d ’indice , les pen tee
supplémentairee étant essentie llemenc dues C Ia perturbation des caractCnistiques optiquea de Is fibre
dans lea deux cahoots connectés . Cia pertes ont Cté estimées 1 0.7dB par embout. Nous pensons amélioner
cc rCaui tat notananent en contr~ lan t precisCmenc Ia pression de serrage cxencCe sun Ia fibre .

Concernan t Ia position de I’embou t relativement 1 l ’embase éme ttnice on peut envisager
deux configurations suivant que i’embouc eet fixC directement sur be bottler dcl i’embase (dane cc cBs la
fibre in termédiaire assure on decouplage mCcanique entre Ia tIte opci que et le connection) on qu ’il ea t
indCpendanc du bot tier de l ’ernbase it si tuC au bout d’une fibre intermédiaire de 5 ou 10cm de long. Cette
derniIre Cven tualitC confere piua di souplesse su composanc ions di is nCaiisation du module Cmetteur mais
prCaente dee risquea accrus de dCtCrioration lors de son utilisat ion et de ss manipulation cur La terrain.
Ces deux options out ete envisag Ces et son reprCsentCes aux Figures 9 cc 10.

1.4 — Lea moyens de contr6le do fonctionnement du laser
Dana i’embaae Cniettrice doivent égalemenc prendre place lea moyena de mesure auscep—

tibles de permectre tin contra!. permanent des conditions de fonctionnemcnt do laser semiconducteun

— contr&le di la tempera ture du bottler laser , par example au mnoyen d’une thermistancc
in troduite dans be boitie r .

— concraie de La puissance optique issue de is face arriCre du laser. Pour cc faire ,
pb u sieurs poasib i l i tCa sont envicageablea

— Misc en place d ’une fenIcre C l’arr iere  de I ’embase.
— Utilisation d’une fibre optique reiais de large ouverture numérique pour

colbecter efficacement Ia lumière cc is vChiculer I l ’exté nieur de I’ embase .
Dana ci cas toute IlbertC eat donnée lore de l’élaboration du module Cmetteur ,
quint au choix du photodCtecteur et de eon emplacement (contne reaction rapide).
Comae pour La fibre intermédiatre , l’ cxtrCmité conditionnCe dc sortie de is
fibre relaia peu t Itne fixCe sur one paroi de i’embase .

— Une photodiod e peut Itre positio nnCe C distance convenable de Ia face arnilne do
lacer . Dane cc cas la sor tie de contr6le aers tine aortie Cleotri que e t des prC—
cautious particuliCne . eont C prendre pour Cviter toute interference avec lea
courants d’injection destinCs so laser.

Ainsi constitu &l’embase éme c trice eat csractCnisée pan La donnée tie is puissance opti—
que iss ue d ’une fibre connue (disnmètre du coiur et ouvercure numénique) en fonction dee conditions d’in—
jec tion du courant (régime continu ou impulsionnel) et des valeur e des paramCtrea de contr6le .

2 - I). C(SIMANDE ET LE CONTROLE DE L’EMBASE EMETTEICE

Li composant embase Cmettrice I laser semlconducteur petit Itne in.CrC dana tin module
dunt les caractCristiqucs souL prC—deter minCee par I’uti liast eur et sont indCpend antea des phCnomlnes de
degradation ~ t dis f luctuat ions de temperature dana un interval le connu. Li module comprend alone on plus
di, l’embaae Cmpttric. un circuit ClCmentaire di coninand e it Ic, rCgulatlons en temperature it en poislance
optique di atirtie. Moos sh one examiner dan. ci chapitre ci. diffCrentes fonctiona cc les problems. qui

4 beu ns sont liCe .
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2.1 — Li c i r cu i t  llément.ire de co ande
C. circuit a pour but d’adapter lea slgnaux elect niques aux condition. d’utlli .ation

d’um laaer cemiconducteur. C ’est un simple transfonmateur d’i.pCdance qui d’un signal d’entnCe module
en tension dCl ivre un signal moduLe en couran t avec Cventue llement on gail, en puissance . Ce circuit pcut
It re cornpFtib le TTL , ECL ou peut Ctre spCciflque d’un sys tème particu uier (Haut debit d’inforination~ .

2 . 2  — La regulation en temp erature du bottier laser
Pour iL lustre r lea principaux effete de la temperature cur ii coinportement micros—

cop ique du Laser . nous avon . trace C La Figure II is caractCnistique P(I) d’un laser C divcrses tempera—
cores. Les courbes di La Figure 12 reprCeentent lea varictiona do counant di scull Is CL do coorant to
nCcessair cs I l ’obtention d ’une puissance optique dc 5mW en fonction di is temperature.

Lorsque La temperature du bottier augmente on conatate
— Une augmentation do courant di situ du laser it de is proportion tie lumlIre

incohCrente C puissance giobale Cmiae conscante.

— Une d imin ut ion do rendement diff Cnentie l it one accelerat ion dee proceesus
de degradation du Laser.

11 eet donc nCces .aine .i’~reqi~a lea c.ondjTions operatoire. f’exigcnc de thenmoatater
le bott ie r Laser C une tempCr~rure dCterminC, par Lea normes adoptCes.

Unc solution que noua avons CtudiCe so laborato ini consiate C uti lisen pour ii rC gu—
Lation en temperature des microfrigatrona coimnandCe par la aondc tie temperature isa~e do bot tler et dont la
face  f r oi d e  ea t en contact cigermique ave c is semelle di l’embase Cmettn ice et ii face chaude eat prcssCe
contrc La semeiLe du module d ’Cmiaeion. Lee puiseances nCccasaiLee C ii regulation sont typ iquemen t de
l ’ordre de quelques centaine s de milliwatt . et lee corrections ne e ’effcc tuent quc stir les vaniatione h ates
de Ia t.~mpérature . Remarquons qu ’une grand. preci sion aur is tempera ture n ’ee t pas nCcessaine (N qoelques
d egree) les concne— rCactions stir lea courance de seull et de modulation pouvant conpenser sea effete.

2.3 — Contrale de is puissance op tique de sortie
Di mIme que la ~emp Crat une , is degrada tion du laser influe sor sea caractCristiqucs.

L ’élCvation progressive du scuul dirninue ha puissance optique continue P0 due C la pré—polarisation et Ia
puissance optique mnodulCe cc is degradation du rendement diffCrentie~ diminu e I’ampli tode tie modulation
do signal optique PM .IL s’agi t donc de contr8ier ces deux paramCtres et is detection de is puissance opti—
q ue émise par La face arri Cre do laaer nous en fournit lea moyens . Comae l’s mnontrC Epworth (25) une contre—
reac tion optiqu c lente rCabi aCe C par tir du signal dCtect C fournit des résuitats satisfaisants. Dane notre
schema (Figure I) cette contre— rCaction s’appiique su courant de aeuil et C i’amplicudc en tension du
signal.  Reste C p rC—sClectionner Po at 

~M Le cou rant de pré—po lan isation aera choisi juete au—dessus do
seuil tie façon C limiter le retard indCsinable cntre l’impulsion de courant et l ’impuieion lutaineuse. Une
prC—poLanisation trop ClevCc serait préjudiciabic a la dorée de vie do laser et C L’amplitode de modula-
ti on dieponibic. En effet , la puissance optique modulCd e,t limitée soiL par Ia ,~uissance crete permise
par 1. baser (iV 1 0mW par face) , aoi t par Ia presence de”lunk s”encore souvent presents su—deesus di 5mW
par face.

No tons que le choix tie Po St P nous snmenera C fixer par module Un niveau de prC—
polarisation et one amplitude de modulation qui di~ fèrera suivan t lea eabasea d’Cmission , conrigean t ainsi
l ea differences des carac teristiques d’un bot tler laser C i’eutre .

L ’u tiliestion de la puissance optique issue de Ia face annière du laser comae réfé—
r ence tic contrc—réac tion soppoac que celle cl eat propcrtionne iie C Ia puissance opti que coup iCe dane Is
fibre in tenmCdiaire. Cette supposition n’est P55 toujours vCrif iCe soit que ii rendement de couplage van e
avec Ic 000rant d’injection (variation do champ proche, do dia gnarane di nayonnement , di is pro portion d’in
coheren t . . . ) ,  soi t que is puissance Cmise par ii face anniCne n ’est ~ 55 proport ionnelle 1 Ia puissance
iss ue de la face avant .

Noue avons rCaiisC au labona toire deux premieres maquecte s de module d’Cmission
dCpourvues dea circu~ tb di regulation. A la Figure 9 eat prCeencCc is photographic d’un module destine C
one liaison ayan t on debit di 100 Mbits/s . Lc circuit de comaand e est compatible ECL. La fibre inter—
mCduaire a on coeur de 200/tim de dismétre et tine ouverture numCnique tic 0.3. EL ie est comae on petit ii
voir aur Ia pho tographic coup léc direc tement au laser aemiconducteun. Li connecteun d’ex trèrnitC eat fixC
sun Ia face avant do module.

La Figure 10 reprCsente is photographic d’un module d’Cumla.ion deetinC I one liaison
tCbCvlaion . L’entréc eat adaptec 75 £C. • La circuit de codage (id PWM ) est incltsdan s 1. module. La
circui t CLCmenta ine d’attaque e.t inclu .C i ’enmba se . Son Limps tic montCe cst di Ins . Le couplage la.en/
fibre eec fai t au moyen d ’une fibre lentibie. On petit voin La t I e  optique di couplage it lea piges de
positionnem ent . La fibre intenmCdiaire eat tirminCe p.r Un emb ou t C pincement.
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INJECTION LASER SOURCES
FOR

FI BER OPTIC COMMUNI CATIONS

Robert B. Gill
Laser Diode Labora tories , Inc .

205 Forrest Street
Metuchen , New Jersey 08840

SUMI4ARY

Over the past sçven years there has been substantial effort directed towards the
development of reli~~ le in jection laser diodes that operate continuously at and above
room temperature. This work which produced numerous improvements in laser design,
epitaxial and wafer processing , laser assembly techniques and an understanding of the
various laser degradation mechanisms has lead to the fabrication under laboratory
conditions CW laser diodes which have exhibited over ten thousand hours of operating
lifetime at room temperature as well as commercially available CW lasers which exhibit
lifetime of several thousand hours . This paper describes some of the laser designs
and GaAs and GaA1As epitaxial and wafer processing technology currently used in the
fabrication of laser diodes which are intended for incorporation into fiber optic
communication or data link systems. Two classes of laser diodes are described ;
CW idser diodes emitting up to 75mw and devices emitting in excess of 200mw peak
pulsed power at 27°C at duty cycles up to 10%. Both groups of devices are fabricated
from double heterojunction GaAs and GaA1As liquid phase epitaxial structures as first
proposed by Hayashi in 1970. In addition , these devices all contain monolithic stripe
geometry emitting regions similar to those described by Itoh in 1974. The processing
utilized in the fabrication and assembly of these devices is presented in detail with
particular emphasis on liquid phase epitaxy and monolithic stripe generation. The
problems encountered in the transfer of these processes from a research environment
to a manufacturing operation are discussed .

Data is presented showing laser emitted power both pulsed and continuous , the
angular  d i s t r ibut ion  of emitted power, emission wavelength and bandwidth , optical
coupling efficiency to various fibers and laser lifetimes. In addition, the interaction
between laser threshold current density, thermal impedance, emitted beam distribution
and fiber optic coupling is described. Several fiber optic laser coupling schemes are
described with part icular emphasis on device concepts cur ren t ly  either in commercial
production or pilot production.

Finally, the results of qualification testing pulsed laser diodes to standard
military environmental and performance test requirements are described with specific
data presented showing the value of burn—in testing to eliminate from test lots lasers
which exhibit abnormally short lifetimes.

This paper describes the fabrication and performance characteristics of injection
lasers and light emitting diodes cu rren tly being developed f or use in f iber  optics
communication or data link systems . Emphasis is directed on device design and GaAs and
GaA lAs epitax ial and wafer processing technology curren tly in use for the routine
manufacture of commercial light emitting diodes and high duty cycle or CW room temperature
injection laser diodes . Therefore , the device performance results which are discussed
are typical of manufactured devices rather than the best results observed in our
laboratory . While the processing technology which is described is based on the fabrication
of CW room temperature laser diodes , the processing techniques detailed are also
applicable to the manufacture of double heterojunction light emitting diodes as well as
large optical cavity, high power , high duty cycle laser diodes.

The approach to CW injection laser fabrication follows a design or igin a l l y  proposed
by Hayashi in 1970 and extended to a monolithic striped geometry configur ation by I toh
in 1970. A detailed schematic representation of this device structure is shown in
Figure 1.

The substrate wafer, re9ion 1, is n-type , Si Doped GaAs having a net dongr
concentration of about 2x10 18cm 3 and a dislocation density of about l000cnr’. The use
of this low dislocation substrate , which is grown at Laser Diode Laboratories by the
gradient freeze technique , has been shown to be crucial for routinely obtaining devices
which exhibit reduced gradual performance degradation due to dislocation migration
and/or growth from the substrate to the active region of the device during the epitaxial
growth or actual operation . To further decrease these e f f ects an attempt is made to
terminate existing dislocation networks or substrate surface imperfections by the growth
of at least one n-type Te Doped GaAs buffer layer which is shown as Region 2.

Regions 3 and 5 are n-type and p-type GaAlAs layers which contain approximately
35% Aluminum. These two layers act to confine the light generated in the active layer ,
Reg ion 4,  to that layer. Light is confined to that region by the waveguiding effects
of the interfaces between Regions 3 and 5 and Region 4. These effects arise due to
slight index of retraction decrease at these bound aries with the lower bandgap active
layer, Region 4. The actual peak laser emission wavelength is determined by the bandgap
of the active layer . In practice an 8% Aluminum concentration correaponds to an
emis.ion wavelength of about 820 nanometers at room temperature. This particular
emission wavelength is found to have an absorption loss of about 5db per kilometer in
typical low loss glass fiber. In order to obtain the low threshold current densities
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required for CW laser operation the total recombination volume must be minimized .
For typical CW lasers , d, the thickness of Region 4 is maintained bet-seen 0.25 and
0. 3um .

Region 6 functions as a contact gap with a small amount of Aluminum incorporated
into i t  to minimize  lateral current f l ow by increasing its resistivity . Typically ,
this p-type layer is Ge Doped.

Stripe geometry fabrication permits room temperature CW operation by limiting the
current to the portion of the laser pellet located under the narrow stripe and thereby
activating only a small portion of the junction width . This allows the heat generated
in the 2Sum lacing region beneath the contact stripe to be distributed throughout the
bulk of the laser pellet. This fact together with the close proximity of the active
region to the heat sink results in laser diodes which are capable of sustained CW
operation to temperatures in excess of 70°C.

Stripe geometry was first accomplished by masking Region 6 with an oxide insulator
and chemically etching open contact stripes perpendicular to the cleaved laser cavity
end mirrors. Ohmic contacts were then evaporated over the entire wafer, forming a
selectively contacted stripe which allows current to flow through the cavity only in
the region directly beneath the contact stripe . Since its inception the concept of
striped current  isolat ion has been modified to include such sophisticated formation
techniques such as: proton bombardment , diffused and mesa stripe geometries. One
approach however employs a monolithic isolation technique which fully exploits the
capability of liquid phase epitaxy to generate material to which stripe geometry
contacts can be applied without the need for complex or sophisticated wafer processing
techniques . In this approach the oxide insulator is replaced by a lattice matching
GaAs blocking layer. The~ layer cons ists of lightly doped n-type GaAs or semi-insulating
Cr Doped GaAs. Following photolithographic definition of the contact stripe array,
2O~m wide contact channels are etched through the blocking layer. Under conditions
of laser die fo rward bias , current is restr icted to f l ow through the active region only
beneath the etched channel. Elsewhere because the p/n junction formed at the interface
between Regions 6 and 7 is backbiased , the laser cavity remains unpuinped . Using this
technique, high power CW laser diodes which emit up to 75mw have been produced . The
forward current  versus power output characteristics f or one of the hi ghest power l5um
wide striped lasers manufactured at Laser Diode Laboratories is shown in Figure 2.  The
device which contained no reflective optical mirror  coating exhibited a single ended
output of over 70 mw at 400ma forward drive . The single ended external differential
quantum efficiency was 23%.

The monolithic stripe geometry formation technique used in the fabrication of this
device offers several advantages over the oxide isolation o’- other alternative stripe
formation approaches .

1. The high device thermal impedance due to the pre ~e of the poor thermallyconducting oxide insulator is eliminated thereby improving device thermal
conduction and high temperature performance .

2. The surface stress induced by the presence of the oxide film which has
d i f f e r e n t  thermal expansion characteristics from the GaAs pellet is eliminated .

3. The danger of lattice damage and dislocation formation present in diffused
stripe geometry lasers is eliminated .

4. The simplici ty of the blocking layer isolat ion technique lends itself to high
volume , high yield production.

In view of the previously demonstrated association between laser and ligh emitting
diode reliability, four criteria have been considered to be of primary importance in
establishing epitaxial wafer and die assemoly processes, to achieve an as-grown wafer
surface that is flat and free of both melt residue and pinholes in order to permit
unif orm wafer thinning, stripe formation and contacting , to maximize the yield per wafer
of devices having identical structural , electrical and optical properties over the
desired operating temperature range , and f i n a l l y ,  to establish processes compatible with
a production operation to insure that continuous process adjustments are not required
to achieve process repeatibility.

Figure 3 shows an etched cross-section of a typica l double heterojunction structure
used in the manufacture of monolithic stripe geometry injection laser diodes. Similar
structures are used in the fabrication of high speed striped light emitting diodes or
in broad area LED’s. For the latter devices the final n— GaA s layer is eliminated .

The fabr ication of CW lasers follows the process sequences shown in Figure 4.
After expitaxial growth the wafer is cleaved along its perimeter on all four sides to
create mutually perpendicular <110> reference edges for channel alignment.
Photolithographic definition of the stripe contact channels is accomplished by aligning
the photo— mask reference with the <110> direction as indicated in b. Photolithographic
definition is followed by an etch which removes the n-GaAs blocking layer, forming an
array of l5pm wide c~~ tact channels to the p—GaAlAs contact cap. Channel separation is
on 325~im centers. After removing the masking resist the wafer is thinned to a 75um
thickness and ohmic contacts applied to both si4es of the wafer . The wafer is then
cleaved and optical coatings applied to the mirror facets. Finally, the individual
laser die is formed by wire sawing the coated slivers . Figure 5 shows an etched cross—
section of a typical l5~im stripe. This i l lustrates the excellent stripe defini t ion
and uniformity achieved using this monolithic approach . After formation of the laser or
LED die, the die is screened for performance characteristics prior to package mounting.
The pretesting of the die prior to mounting assures th~t no defective or substandarddie reaches final testing . The cost reduction achieved by pretesting is significant
in asseu~ ly, packaging, burn-in and final test. Each completed device assembly is burnt
in to elIminate unstable devices from f ina l  acceptance .

Typical performance characteristics of l5~ m str ipe con tact in commercial CW room
temperatur, lasers are shown in Figure 6. These devices which emit 5 and 10mw minimum
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average power can be fabricated with emission wavelengths ranging from 790 to 890nm at
27°C. The characteristics of the two devices shown here are typical of devices which
emit at about 820mm at 27°C . Shorter wavelength devices will exhibit a sligh tly higher
threshold current, while longer wavelength devices will have somewhat lower threshold
currents. The single ended differential quantum efficiency of the LCW-5 which emits
between 5 and 10mw continuous power generally lies between 6 and 12% while the efficiency
of the LCW-lO which typically emits between 10 and 20mw at room temperature lies between
11 and 20%. The variation in threshold current with increasing temperature for a typical
LCW— 5 laser diode is shown in Figure 7. Operation at temperatures up to 65°C results in
typically lasing threshold current increases of up to 50%. This level of increase in
threshold current appears to be independent of the device ’s emission wavelenth and
efficiency . Therefore we observe a similar result for the LCW-lO lasers. Similar
relative changes in threshold current versus temperature are alao observed in the high
power pulsed room temperature lasers such as Single Heterojunction, LOC or TN lasers.
If we then operate a device at a constant drive current above threshold we obtain a
power characteristic similar to that shown in Figure 8. Using a current DC over drive
of SOme above threshold we obtain nearly constant power output up to at least 65°C. This
indicates that the device quantum ef f ic iency is not strongly affected by temperature over
this range . The slight rolling of f  of output observed near 65°C is probably associated
with local device heat ing due to the higher drive current rather than fundamental change
in lasing characteristics . This type of result again appears to be similar to that
observed in highly efficient pulsed multiheterojunction devices and seems to be
independent of wavelength from 790nm to 890nm . The complete performance characteristic
of a typical LCW-5 laser at 27°C and 70°C is shown in Figure 9. Here again we see results
similar to those just described ; namely , a threshold current increase of about 50% and
little or no change in quantum efficiency or slope of the output characteristic above
threshold. Typical devices show a full angle to 50% intensity distribution of about
40—45 degrees . In practice this distribution is effected by the Al content of the optical
cavity bounding layers, the width of the optical cavity and to a lesser degree by the
emission wavelength . In the plane parallel to the junction plane, devices typically
show a full angle to 1/2 power emission distribution of about 4 to 7 degrees. This
characteristic is generally far superior to the 14 to 16 degree distribution observed for
typical broad area high power pulsed devices.

One area that has been of great concern to potential users of CW injection laser
diodes has been device lifetime. Early in the technology of CW lasers, it was found that
most devices exhibited extremely erratic operating lifetimes, typically in the order of
a few hours. Over the past five years, considerable research effort has been expended
in understanding the sources of service instability and improving device processing
techniques to surpress or eliminate the numerous sources of device degradation. This
work has resulted in several laboratories reporting CW devices with operational lifetimes
in excess of 15,000 hours and in projected operational lifetimes of about 100,000 hours.
while these lifetimes have not yet been demonstrated to be characteristic of all
commercial production devices , a key question tha t arises is what can be expected of
present commercial manufacturing technology . Figure 10 shows a typical life characteristic
obtained from a standard commercial CW laser. Prior to entry into life test or
acceptability into commercial sale, all CW lasers are burnt—in to eliminate unstable
devices from the test or acceptable population . This initial burn—in generally screens
from the product run unstable devices which would degrade after the first few hundred
hours operation. However the screening system still remains to be further perfected to
permit both more accurate screening, a pre-conditioning and accelerated life testing to
permit routine and accurate extrapolation of commercial device performance characteristics
and assurance to lifetimes in excess of 10,000 hours.

Another area that the stripe laser technology can be extended to, is in the
development of more reliable high performance, high power pulsed lasers for operation at
and above room temperature. Figure 11 shows the performance characteristic of a 3 mu
wide stripe geometry TH laser diode designed for high pulsed power operation at room
temperature. In practice this size device has been one of the most difficult to manufacture
reproducibly using standard wire cutting techniques due to die size variations associated
with t he cutting process as well as the penetration of cutting damage at the laser sides
to a depth which is significant when compared to the lasers width. The use of striped
laser technology in the manufacture of these devices largely eliminates these two problems
with the result that both laser reproducibility and reliability can be significantly
improved . Devices of this type have been reliably operated at output emission densities
of over 1 watt/mil of facet while broad area wide saw devices made of similar epitaxial
materials have failed at power densities of less than 3/4 watt per mu of facet. In
addi tion , these devices have exhibited reliable operation at duty cycles of 1 to 10%
making  them potent ia l ly  extremely useful  in fiber optic data link applications which
require high peak power.

The performance characteristics of a typical high power, high duty cycle injection
laser is shown in Figures 12 and 13. This particular device which is intended for a
redundent fiber optics coninunication application consists of a monolithic array of three
25i~m striped lasers on l25~,in centers which are operated in parallel. These devices have
been operated at duty cycles exceeding 10% with little changc~ in performance overseveral thousand hours .

As discussed earlier, the room temperature CW or high duty cycle injection lasers
u til ize var iations of th. narrow optical cavity double heteroj unction (DH) structure
to achieve the low threshold current densities required to support these levels of
operation.

Because of the small recombination region thickness , the beam divergence
perp endicular to the plane of the junction in this device is excessive . Beam divergence
can exceed 500 FWHM for CW laser structures with narrow cavities . The divergence results
from diffraction of the emitted beam as it passes through the output aperature of the
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Fabry-Perot cavity. Excessive beam divergence occurs since the wavelength of light in
the Gal-xAlxAs active region is roughly the same size as that of the diffraction slit
(exit aperature d). The divergence parallel to the P/N junction is not determined by
diffraction effects because a>> X/n - Beam divergence in the transverse parallel direction
is more strongly related to the mode structure of the laser diode . The intensity
distr ibution of the emitted beam paral le l  to the plane of the P/N is typ ical ly less than
10° FWHM. Figure 14 shows schematically the main features of the beam pattern for a
typical CW injection laser diode.

Unfortunately , thc angular intensity distribution of the room temperature CW
injection laser diode ~. ~ses a major problem for fiber optic applications . Because of
low loss graded index fiber types have small numerical aperaturea , (n.e. 2.25 ) ,  the
acceptance ang le of the fiber is much less than the half intensity angle of the laser ’s
beam distribution. This results in extremely low coupling efficiencies for the laser—
fiber interface when butt coupling is employed . The laser diode fiber interface is
illustrated schematically in Figure 15 for three coupling configurations :

a) Butt coupling
b) Butt coupling with index matching
c) Lensed f iber coupl ing

To date both butt coupling with an air gap and with index matching agents have been
utilized in prototype laser products . However, coupling with these two techniques
is general ly  inefficient due to the low n.a. generally observed in low loss fibers.
Depending on the fibers selected, coupling efficiencies in the range of 10 to 25 percent
are generally observed .

An a l ternat ive  technique for increasing the collection efficiency of the fiber
involves the use of a hemispherical lens affixed to the input end of the optical fiber
p ig t a i l .  The lens, when properly designed and fabricated , collinates the divergent laser
beams so as to increase the amount of light which enters the fiber at an angle less than
the acceptance angle of the fiber . The function of the lens is illustrated schematically
in Figure 15 c. The concept of using lensed fibers to increase the coupling of laser
output into the fiber was first proposed by )Cato et al in 1973. He suggested forming
the lens by careful melting of the cleaved fiber and to form a hemispherical lens whose
radius  of curvature is determined primarily by the fiber radius and the surface tension
of the molten glass. More recently, C. C. Timinerrnan has pointed the way toward further
improvements in collection efficiency by improving on Kato ’s original concept. Figure 16
shows segmented views of two lensed fibers:

a) thin core step index
b) thin cladding step index

The lens is formed on each fiber by melting the cleaved end With a micro-torch ( after
Kato et al). In a) the lens formed a small radius of curvature compared to the radius
of the fiber core. In Figure 16 b, the cladding wraps around the core during formation
of the lens. In both cases, the lenses are inefficient in collimating the divergent
output of the laser diode. Timmerman has demonstrated experimentally , that the properly
designed lens must have a radius of curvature approximately equal to the radius of the
fiber core. This applies not only to step index but also to low loss graded index fiber
of the type commonly u sed for fiber optic communications .

His solution to the problems of lens formations shown in Figure 16 c, requires the
removal of all or part of the fiber cladding by chemical etching prior to forming
the lens. This technique guarantees that the lens will have approximately the same radius
as the fiber core. In addition , a technique other than melting the fiber end was
demonstrated . Using  lenses formed by dipping the core in optical epoxy or low melting
point high index glaes,C.Timmerman achieved efficiencies up to 80% with standard commercial
Cw injection coupled to low loss fibers with an n.a. of .16.

Work is now underway to extend this work to standard commercial products. Figure 17
shows an outline of a fiber coupled injection laser intended for introduction into
conunercial sale later this year. Toe diamond based TO—5 or TO—39 package was chosen for
the base ou tl ine because Of its improved heat sinking over the conventional TO-5 stud
packages . In addition, stripline leads are provided as well as a floating case to make
the device more compatible with the requirements of high frequency drive circuitry . The
internal structure of the device is shown in Figure 18. This figure presents the laser—
fiber interface as it appears in the completed device. The lensed fiber coupling scheme
shown requires a separate mounting ledge to provide mechanical stability to the fiber.
Alignment of the fiber to the laser is accomplished using a micromanipulator and
photodetector and peaking the fiber output by adjusting the position of the fiber with
the manipulator. After peaking the lensed end of the fiber is tacked to the supporting
ledge and the ferrule support sleeve expoxied in place. Using commercially available
0.2 n.e. graded index fiber with 50gm core diameter and less than 5db per kilometer loss
lase r outputs in excess of 5mw can be achieved at drive currents less than 3Oma .

Work directed toward the qualification of injection laser diodes for military
applications has to date utilized device configurations which do not include optical
fibers within the device package. This work has included successful qualification of
injection laser assemblies to high temperature storage 150°C, temperature shock
(— 5 5 C to 150 C), acceleration (20 ,000 g) , mechanica l shock ( l , 500g) and vibration . No
particular problems have been encountered to date in routinely qualifying monthly
manufac tur ing  lots to these requirements. During the near future work will be initiated
toward the qualification of a fiber optic coupled device similar to that just described
to similar  environmental and mechanical requirements .

In summary, both striped geometry and broad area double heterojunction CW lasets
and l ight  emi t t ing  diodes have been developed for application in fiber optic data and
communication links. The processing required for the manufacture of these devices has
been demonstrated to be compatible with a manufacturing environment. Using these process
devices with operational lifetimes in excess of 3000 hours can be routinely manufactured . -j
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Finally,  these devices are currently being integrated with fiber optic pigtaile and
connectors to provide device designs suitable for effective applications in fiber optic
data and communication links. -,
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~~IiFig.5 Etched cross-section of a 15 ~m etched stripe
geometry DH laser structure
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QUESTIONS AND COMMENTS
ON SESSION V

GaInAsP/InP DOUBLE-HETEROSTRIJCTURE LASERS FOR FIBER OPTIC COMMUNICATION
1. J. Hsieh

Dr. Dworkin: Relative to temperature . (a) What variation in threshold has been observed
with temperature? (b ) Can you speculate on lifetime of laser above room temperature?

Dr.  Hsieh : We have operated CW at about 40 C. If you pulse, the threshold current
density almost doubles up to about 65 C. We haven ’t done any other temperature test.

RELIABLE SEMICONDUCTOR LASERS FOR WIDE-BAND OPTICAL COMMUNICATION SYSTEMS
A. R. Goodwin , P. A. Kirkby

Dr.  Visser : Using pulse modulation , measurements were made from just below threshold
- level to above. From power consumption and circuit simplicity view , total (100%)

current modulation would be preferable . (1) Are there any specific reasons for
not doing so’ (2) Using 100% current modulation , do you think that temperature
cycling introduced by this kind of modulation may shorten laser diode life and
reliability?

Dr. Goodwin : No recorded answer.

Dr. Elmer H. Hara : What was the peak modulation depth in terms of optical power for
the analogue intensity modulation experiments?

Dr. Goodwin : No recorded answer.

- _ - ~
— 
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Summary of Session V
SOURCES AND DETECTORS

by
W. S. Nicol

1. Summary
In summarising Session 5 we highlight the following :
1) Interest in complete modules.
2) 1 GHz response achieved for LED5 now stimulating interest in LED bandwidth

reduction.
3) 10000 to above 25000 hours CW l i fet ime for gallium aluminium arsenide lasers.
4) The shift in semiconductor laser wavelength to the 1.2 micron region with

potential low cost and reliability.
5) The detector situation. Is there a reliability problem?

2. Paper 34 - Laser Transmitter for Long Distance Communications
The important point in this paper was that we are progressing to the complete
module stage where we no longer consider the laser in isolation but also consider
electrical drive , thermal aspects and optical output coupling as integral parts. An
important point was made of how new components and coupling techniques were being
incorporated.

3. Paper 43

The paper by Dr. Gill of Laser Diode Labs continued the theme of the complete
device package covering various ways of fibre shaping ~o increase collection
eff ic iency .

The current status of the GaA1As CW room temperature laser produced by liquid phase
epitaxy was presented ; with routinely available devices of 3000 hr lifetimes and
lifetimes over 10000 hrs achieved together with a great deal of investigation of
degradation this structure is becoming well characterised.

I felt that consistency of results amongst various groups in this work is now seen.

4. Paper 35
The paper by Dr. Hsieh certainly lived up to its reputation as being very significant
and created widespread interest. Points which were brought out were that we have:

1) A more stable structure , being less demanding on low dislocation density than
the gallium aluminium arsenide systems.

2) A simpler and potentially lower cost structure because of only one critical
layer .

In addition Dr. Haieh seemed confident that we now have the optimum composition for
this type of structure.

As regards the impressive CW l ifetime performance we can perhaps now give fibre
optics conference dates as 5000 hrs to AGARD London , another 720 hrs and we will be
in Munich , 6500 hrs to Tokyo and so onl We all wish him well in this work. (Dr.
Hsieh wasn ’t at this session so I couldn ’t ask him what voltage drop there is
across the laser).

5. Paper 36
This paper on reproducibility of diode lasers clearly brought out the importance of
stress, especially poiit stress, when it was shown that the operation influencing
laser l i fe  most is the laser mounting.

6. Paper 37
This presentation by Dr. Zaeschmar of NELC on the physics of degradation in LED5
was certainly entertaining. He was confident that we can directly relate optical
properties to mechanical stress. I won’t attempt to reopen the lively discussion
which took place on point defects , (since we must all know that m + n — 3 1) .

One question does however , remain in finding the number of batches which he used .

7. Paper 38
The paper on reliable GaAlAs lasers by Dr. Goodwin of Sm reinforced the results
that lifetimes in excess of 10 ,000 hrs can certainly be achieved and indeed can be
considered beyond 25000 hrs with reasonable expectancy.

— 8. Paper 39
In some ways this paper was comparable with the Pleassy high speed LED results in
that there is agreement in respons, to beyond 500 MHz with a cut—of f around 1 GHz.
Current state is that we are now limited by fibre dispersion and LED lin.width
so that future  LED research should be concerned with reducing linewidth.

S - - 
_~~~~m~~~ -
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9. Paper 40

This paper gave a state of the art summary of avalanche photodiodes which have no
d i f f i c u l t y  wi th  1 GHz response. An interesting question was raised by Dr. Chown
concerning reliability . It does seem that it is d i f f i c u l t  to obtain APD reliability
data from manufacturers. Although basically only silicon technology is involved
and so APD reliability might not be considered different from other silicon devices ,
there is sti l l  the question of operation under high reverse bias.

10. Paper 41
Dr .  Hersees paper from Plessey Caswell highlighted 1 GHz LED response and 20,000 hr
life times . Obv iously we shall follow stage 4 degradation which begins at 2000 hrs.
However we stall forget  the Au diffusion process he suggested if it does indeed turn
out to be 1OD hours.

11. Paper 42

Finally the Thomson CSF paper on a laser transmitter module again showed the
complete sub-system approach which has to be taken .

An interesting comment was made by the speaker in pointing out that module
characteristics were really determined by the user.

12. Additional Comments by C. P. Sandbank

1) This session was one of the first at the conference to bring into perspective
first of all the important potential of a GaInAsP/InP system, not only as a
longer wave length source , but o f f e r i n g  a number of other advantages ( ident i f ied
by Mr. Nicol in his comments on paper 35) .

2) The identification of some degradation properties in LED5 including some
mechanisms which appear to show up fairly late in life , e.g. after 7,000 hours.
This is particularly interesting , since one tends to look for degradation
processes which can be °weeded out”  in early l i fe , but it is unusual to f ind a
situation where the performance is stable for a substantial period and then an
identifiable degradation process appears. Several papers made some comment
about this.

I support Mr. Nicol’s concern about the stat istical signif icance of Zaeschmar ’s
results  but Hersee ’s paper 41 presented some very clear and significant data on
this “stage 4” degradation which is not noticeable until at least 2,000 hou-~s,and I personally had not come across this type of data at previous conferences.
It was also new to several of rn~ reasonably experienced colleagues.

_ _  - - --- - - - - 5- .- -— —5-
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SU*IARY

The diffi culty of real i zing effective couplers for single-node fibres , imposes a significant obstacle to
their application . The paper is concerned wi th the use of a holographic el ement , which substantially
reduces the sensitivi ty to tolerance erro rs in the manufacture of such a coupler. The approach is
based on the use of a hologram output window for the cable end, the coupling between the two windows
proceeding by means of pseudo-plane waves . The effect is to transfer the need for precision to the
facto ry , the coupler to be assentled in the field being relati vely undemanding. The system is applicable
to bundles of fibres; prelimina ry experimental results for the coupling between one pai r of fibres to
another pai r are described.

1. INTRODUCTI~~
The main thrus t of the development in opti cal teleco.miunications is concerned with the use of

multimode fibres . The bandwidth ct ability of the graded inde x fibre which has now become apparent , has
reduced the previously percei ved need for a single-mode fibre. Nevertheless there are considerations
which would favour the exploitation , even in  the relatively near future, of the single node fibre.
The se for this development has recently been made by Maslowski , 1976; most of the needed technology
exists and suitable small-source lasers are being developed. The use of single-node systems would also
greatly facilita te the incorporation of switches and modulators which can now be realized, with impressive
perfo rmance in integrated optical form (Ash , 1976). One obstacle in the path of this development, which
we believe to be signifi cant, is the absence of fibre to fibre couplers which do not requi re adjustment,
and wh ich one could contemplate using in the field. The problems of mechanical tolerances which are
encountered in the direct realization of such a coupler are formidable even for a single connector, and
appear qui te unattainable for a mul tiple connector which is requi red for bundles of fibres . It is the
primary ai. of the present paper to describe an approach based on holography which , whilst it does not
eliminate the requirement for high precision , transfers this requirement to a factory envi ronment. The
demands made on the actua l connector, to be assentled in the field, are very greatly reduced.

The basic principle of the method has been previously desribed ( Ash , 1974; Soares, 1976;
Nlshihara , 1975). Figure 1. A hologram is associated with each fibre or wavegui de. A hologram of the
output of the fibre is recorded using a plane reference beam, the two reference beams making complementa ry
angles with the plane of the hologram. The output from the hologram when excited by the wavegui c - then
In the form of a pseudo-plane wave, which in turn generates the required coupling wave for the se ~nd
fibre . The hologram s are separately prepared, rigidly and permanently attached to their respective fibres
in the factory . The key consideration is the fact that the coupling between the two holograms proceeds
by means of a plane wave. It is therefore intui ti vely obvious that the syste m wil l  be extremely
insensitive to latera l displacements of the holograms. The tolerance requirements are essentially
confined to the maintenance of parallelity ,which is achieved by the use of a simple spacer. The form
sucn a coupler could take Is Indicated in Figure 2.

The basic operation of the coupler eme rges di rectly f rom the elementa ry theory o~ holography .Let Un and Un2 be the in~tensity of the waves radiated by fibres one and two respecti vely and let
U~1 aM UD., b~ the corresponding reference waves used to encode the fibre waves . When fibre one Is
sWitched 8h, the coupling wave U~ generated by hologram one is given by

t44 / L IF,/
(1)

If I) 1 had a plaqe wave front , U will again have a plane wave front. It will howeve r be ampl i tude
unedu~ated by fu J~ . Provided hoi~ever that one arranges for U~1 to give a reasonably constantillumination o~ir the holog ram, this effect will not be hrge. Under these conditions,

(2)

_ _  - ———-—-5--— .
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which is of course the input required to generate Ur, and wh ich completes the coupling into the second
fibre . Other than the need for U 1 2 to provi de sehtibly uniform illumination over the hologram , there
is no other constraint on its for& ’ It is not therefore necessary to prepare the fibre ends in any
particular way. Indeed there may be advantages in making them deliberately rough - a technique which
has previously been demonstrated in the context of planar waveguides (Ash , 1974). Nor is there any
important constraint on the position of each f ib re  relati ve to its hologram. The only requirement is
that this position , once established , shall bu maintaine d after the hologram has been recorded.

,~ These simple considerations appl y in the fi rst instance to a thin hologram. However, the same
results apply approximately also to thick holograms (Kogelnik , 1969), in  which the recording medi um may
extend for many tens of wavelengths, provided that the thickness is still very small compared with the
lateral dimensions of the hologram . This is important, as the attainment of high efficiencies - essent~a1for our purpose - depends on the use of such thick holograms. The use of thick holograms rises also
another consideration : We have shown the basic concept in Figure 1 , for the case of a simp le fibre—to-
f ibre coupler. If however we wish to couple a bundle of fibre~., we will need to record multi ple holo-
grams , using a set of different reference waves U0~, each making a di fferent ang le with respect to thehologram plate . The question then arises , how mucli”angular spacing do we require between the UR ..
The answer is provided in the paper by Kogelnik already cited. The minim um angular space is, ~
approximately, inversel y proportional to the thickness. Increasing the thickness also has a further
desirable consequence , in that the total volume of sensitive material is increased, and this increases
the total number of holograms which can be stored. There is however a limi t to the thi ckness which one
can use; beyond a certain point the simple imaging properties indicated in equations 1 and 2, no longer
hold (Solyma r , 1976 a) and b). Howeve r it would appear that this regime applies to a thickness far
greater thin one would , for other reasons, wish to use.

The effi ciency of phase holograms can be very high (Biede rinann , 1975) with reported figures
approaching 90%. Unfortunately these results have only been achieved in the visible , and not as yet in
the near infra—red. There is less information on the maximum efficiency which is attainable for multi ple
holographic recording. We will return to this issue in the discussion , where we attempt to estimate the
size of the bundle which one could hope to couple with acceptable efficiency .

In assessing the holographic coupler , we are , in the first instance, concerned with its performance ,
in the absence of tolerance errors. In particular we must determine the errors in the final coupling
field , and the consequential reduction in efficiency a~ising from di ffraction effects, and from the
amplitude modulation error embodied by the factor~U in equation 1 . We will briefly portray the
relevant theory, and some results in section 2, to ~lnd that this basic performance , for physicall yrealizable situations , is in fact highl y encouraging. As we have seen,the main motivation of this work
is to overcome tolerance errors. It is therefore pertinent to extend the theory to allow an assessment
of the resulting reduction of efficiency . This analysis will be summari zed in secti on 3. Section 4 is
devoted to an accoun t of a preliminary experiment in coupling a “bundle ” of two fibres , to a second set
of two fibres . Finall y In section 5 we will attempt to assess the applicability of the holographic
coupler to situations which are likely to be encountered in optical fibre telecommunications

2. THEOR Y OF COUPLER

We will concern ourselves with a scalar theory , in which the field at a point is represented by a
single quantity U. This is of course an approx imation , which however is cntirely adequate for our purpose ,
though It is important to appreciate the implied assumption , that all the waves we consider have the same
polarization . As we will see later, this restriction can be removed by regarding two orthogonal
polari zations as separate nodes - which accordingly have to be separately recorded on the hologram.

The experimental work has used two-mode fibres , and we have obtained some results which bear on the
mode cross-coupling. In the following we will however confine ourselves to describing the treatment of a
singie mode in each fibre ; the more genera l case is not in any essential way di fferent. A further
restriction is to treat only the case of a slab gui de - i.e. a guide In which the mode can be described
in terms of a single spatial variable. Again this restri ction is Imposed simply to reduce the complexity
of the algebra ; the extension to the two dimensional case, which we have also carried out does not
Involve any essentiall y new prob lems.

We will concern ourselves wi th the geometry indicate d in Figure 3. The two holograms are assumed to
be thin and In contact , located at z—O. Distance from an arbi trary axis is measured by yh~ 

We define a
reference output plane for the object fibre, located at z ” -Z  , and similarly for the imagW fibre at
z=z4, with distances at righ t angles to the z axis being den8ted by y and y~ respectively. We will begin
by talculating the Ima ge field U~ In response to point sources locate9 in the object and image pl anes at
y0~1L~ and 

y
1 .71 respectively (thus defining point source holograms):

(Aco (~.) {~~(~
..‘

~o)]~~

L1ç~ (~~ ) [ ~~~(~~~i) ]
/ *. 

( )

where ~(y 
— 

~7 ) is the delta function at . With this definition we ensure that the source is
normalized , I.e.

= (4)
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We adopt a paraxial approximation so that we can use the Fresnel approximation - i.e. describe the
cylindrical wave radi ated by the point source in terms of a wave havIng a parabolic phase front. We
assume further that the reference beam is plane , and for the moment also that we can neglect the variation
of the 4mplitude of the wave from the point source over the effective area of the hologram. This
enables us to calculate the transmission of the holograms after exposure , assuming t-E linearity . The
reconstructed wave Is then obtained by calculati ng the transmission of the object wave through the two
holograms and again using a Fresnel approximation to calculate the wave distribution IJ. which appears in
the image plane. 1

In practice the lateral extent of the hologram is limited to a region y=+ H/2. As in any optical
system we have a finite aperture. In computing the transmissions of the wave Through the holograms , we
must include the effect of this finite aperture by means of a pupil function 

~(yu)’ 
so defined that it

has unity transmission for—H/2
~~

yh~~
H/2, and zero outside this range. With thes~ assumptions we find ,

U, (~
) A ~~~~~~~~~~~~~~~~ ~x14-i.~ (~ -‘i~)} ~~~H (5)

where A is constant. 00

We note that we can regard the integral in equation 5 as the Fourier transform of the pupil function ,
where the transform frequency f is give n byt 

~
(6)

if now instead of point sources at y =% and y.’~1 we have distributed functi ons U (y ) and
U.(y.), we mus t consider the sumation of 911 elemenlary sources in these distributions .0 0
H~wever in the present approximation , the coupling between the two holograms is In the f o rm of a plane
wave; this will be as true for the distributed source as it was for the point source , so that the
distribution in the image plane is not affected. This conclusion can be readily confi rmed formally. The
result of equation 5 therefore still holds , provided only that the source field is normalized - i.e.
provided equation 4 holds. The situation is however qui te different if the image wavegui de source is now
regarded as finite, which will of course modify the second hologram. Our a~ n will be to couple to a
specific mode of the image fibre Ufi (,~i

), which we will again assume to be normalized ,

(7)

We can recalculate the expression for Ui (y~
) and find , 

+

,~~~
, tx~[

;!:..lU}JU{(,.) ~~~~~~~~~ (8)

where i~t represents the Fourier transform, ~,Ith a transform frequency f as given by equation 6. It
i~ readily shown that equation 8 is in accord with equation 5 for the ~pecia1 case when Uf1 is a delta
function. The constant B is again chosen to normalize U1.

The wave inci dent on the image fibre will be partially reflected. However this effect amounts in
practice to a loss of only a few percent and will for the moment be disregarded. If we can assume that
the holograms per se are 100% effi cient , it is then readily shown that the overal l coupler efficiency
is given by

= 

j f  U~ 
~ j~~) 

U~
. (

~~
) 
4/ (9)

If we no longer make the assumption of a uniformly illuminated hologram , the expression for U4 becomes
a little more complicated. We have incorporated this addi tional effect in all the results presented
in this paper.

As an example of the application of the formulation which we have developed in this section , we
have calculate d the predicted performance of a coupler between two identical slab waveguides , shown i n
Figure 4. At the wavelength considered the guides can support two T~ modes , TE and TE 1. The
calculated efficiency for the TE to TE coupler is 86%. Our formalism also allows the spurious coupling
to the TE 1 mode. For th is case ~he pre8icted power to this mode was more than 100 db below the power
Into the óesired mode . We have also calculated the effi ciency of the coupler when designed deliberately
to couple the TE mode of one guide to the TE1 mode in the other. In this case, the efficiency was only
60%. The reduce9 power transfer Is primarily due to the amplitude modulation arising from the object
wavegu ide wave. In this case the mode has a symmetry opposed to that of the image waveguide , and it is
intui ti vely clear that this will lead to reduced coupling. In practice one could largely overcome this
ef fec t  by using a rough wavegu ide end, so that the distribution is scrambled before recording on the
hologram.

- ~~~~~~~~~ ~
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3. SENSITIVITY OF COUPLER PERFORMANCE TO TOLERANCE ERRORS.

In the last section we have investigated the performance of the coupler under geometrically ideal
conditions. In practice we will encounter a number of tolerance errors, including the following:

(i) Di,~pla~ement of object fibre with respect to its hologram between recording and usage, by amountsa~4 ~~~~~~ respectively.
(ii) Lateral displacement by ~~ of one half of the coupler with respect to the other.
(lii) Departure from parallelity of one hologram with respect to the other by an angle ~~
We have evaluated all of these, and some typical results will be presented following a brief outline of
the formulation. In addition to these constructional tolerances there is one other possible defect which
we have considered, arising from non-uniformity In the hologram plates . We will give some results on the
required degree of parallelity .

As one example let us consider the case when an object point source is laterally displaced by &‘~o
after recording the hologram. The expression for the image field now takes the form

LA 5 (~~.) A
’ &x~~{Jj_ (*~-i~)} 

~~~~~~~~

(10)

~~~~~~~~ # _ ~I!_

where, to facilitate comparison with equation 5, we have retained the approximation of uniform object
field illumination. If we now wish to consider the case of a finite object, we must carry out an
integration over this distribution using equation 10 as the impulse response function. In contrast to
the case of zero error this integration will now affect the image field distribution. The result can
be expressed in the form

U (
~~

) = 
~~~~~~ (i.) 

~~~~~~~~~~~~~~ 

~~~~~ 

~ {
~
] J1

00 
(11)

4 = c  + 1

The efficiency i s  of course still correctly given by equation 9. We have calculated the effect of s
number of different tolerance errors , using the arrangement of Figure 4. Fi gure 5 shows the effect of
an error ~~~~~ also of the “worst case” situation when both fibres are displaced equally in the same
direction , ö17. ~ön7, . We see that for a s ing le f ib re  misa lionment of one half guide width the
efficiency has dropped to 50% . For equal displacements of the same magnitude by both fibres the
efficiency Is reduced to a few percent. Thus the stability of the position of the fibre relative to its
hologram Is paramount , and would have to be maintained with an accuracy of around 0.5

or fundamental Interest to the concept is the effect of a relative lateral displacement
t,etween the two hal ves of the holographic co.4pler. This is shown in Figure 6. It is seen that dis-
,Iacempnts of as much as 1 m have very little effect on the efficiency . The effect we see here is
p risSrii )v the change In overlap area between the two holograms . In assembling the structure of Figure 2
‘~ t’i. f ield , we clearly need not fear any difficulties from lateral alignment tolerances . There is

~ vital need to maintain parallelity as indicated in Fi gure 7 , which shows the degrigation as a
rm.si ’ o~ a ~iU ang le S, . We see that the required tolerance here is of the order of 5.10 r~4.

to a non-uniformity in the spacer of O. Spm over a diameter of 1 cm. Fortunately this is
. .~‘,~ rm;v f,.sable engineering tolerance.

~~w n ~~. absence of any mechanical tolerance errors , we must contend with deviation from
• •~‘t~ dnd mlfarmity of the hologram p’ates themselves. We can describe this error in terms of a

‘ ~~~~ ~~IC ~~ere tk is the p late thickness. The simplest case corresponds to a wvdge error
• .. ~~ .~ .) , amd tMi~ is of cou rse identical In form to that already discussed in terms of a
.‘~~~~~~

. n~. .. lic loçra.s . For more complicated cases , we must incorporate the phase function in
- • ~~~~~~~~ q r~ tr.ns.ittance of the holograms. This has been done, and we can therefore

- t~~ t~~’~ .t Ion for various specific functional forms . However there is one case which
___ •— ,vt ~itI ts of the danage which such phase errors can cause - that of a sinusoidal

:“ ‘~~ ~~.tiai frequency f
~ 

Is sufficientl y high , the effect of this phase error will be

- ~—----- - —
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to generate grating orders which fall outside the region occupied by the Image waveguide. To calculate
the loss of efficiency we need therefore only estimate the power diverted into hi gher orders. A well
known result fro~ grating theory shows that the fraction of the power diffracted into the fi,st order
lobe is simp ly J . We have , in Figure 8 shown computed results for a phase error, as a function of
for two differen2 depths of modulation. We have also indicated the asymptotic result which derived
from the above simple argument. We find that the computed curves approach this limiting value for
f~, ~ 1. It would appear that phase errors should be maintained under about 0.1 wavelength - a f i gure
wHich is however achieved in available precision plates.

4. EXPERIMENTAL INVESTIGATION AND RESULTS .

The purpose of the experiments was to demonstrate the princip le of the coupler , and to explore the
discrimination against unwanted couplings which one might achieve in a multiple—fibre coupler. Further
we wished to obtain some experimental confirmation of the predicted tolerance sensitivities .

In the realization of a practical coupler it is essential that the holograms should have the
highest possible efficiency ; if the insertion loss due to the holograms themselves is to be less than
1 db , this demands an efficiency of around 90%. Whilst such efficiencies for thick phase holograms have
been observed we made no attempt to dupl i cate such results; rather we used simp le ampl i tude holograms , in
some cases bleached , their efficiency being of the order of 20%, leading to an i nsertion loss from this
cause of around 14 db. Since the dynamic range of our measurement system exceeded 60 db , this fact did
not however present any obstacle to the measurements of interest.

There was one further way in which we simp lified our experiments relative to the demands which would
be made if one were to implement a complete coupler . Rather than exposing the holograms in two separate
systems, and then bringing them together, we pl aced both holograms spaced by a small distance in a frame,
so that after exposure and development they could be replaced into their orig inal position . This
procedure greatly simpli fied the provision of the two complementary reference beams ; it was necessary only
to provide two contra—propagating accurately collinear beams . The collinearity is achieved by the use
of a cyclic interferometer. Figure 9 shows the basic arrangement which we adopted. The system shows an
arrangement of beam splitters to allow the excitation of each of the four fibres , two in each half of the
coupler. The heavy lines indicate the path of the reference beam and the form of the cyclic interfero—
meter. This was adjusted so as to produce an alignment fringe pattern on the screen. It is seen that
with additional beam splitters it was possible to generate two reference beam directions (and their
complements), to allow the separate recording of the outputs from each one of the two pairs of fibres.

After recording the holograms , it was possible to reposition the plates by making slig ht adjustments
on the precision XYZ support for the plate carrier (-though it was not possible to adjust the relative
positions of one hologram with respect to the other). The repositioning was greatly aided by the ability
to observe interference fringes between the reference beams and their respective reconstructions ,
produced by the holograms when illuminated by the fibres ’ beams. Fi qure 10 shows typical results
obtainedusing a double-cladded step index fibre with a l0.6g~* core, bM~~.Oo1ow . The fibre supported
two modes at the HeNe wavelength ; however it was possible to excite selectively the lowest mode, and the
node conversion in the lengths used (of the order of lm) was not significant. No great care was taken
to minimize the lens—fibre coupling efficiency and It is estimated that the loss going into the fibre was
of the order of 5 db , and the loss coming out of the order of 3db. This would suggest that the inherent
coupling l~ ss for this experiment was of the order of 7db. However the possible errors imp ly that this
result must be bracketed by + 2db. A series of similar measurements confirm that the results lie in this
range. It should be emphasized that in achieving these results there was no provision for separately
adjusting the position of each fibre with respect to the hologram. It is therefore likel y that a
substantial part of the loss of efficiency is attributable to a displacement of the image , arising from
gelatine shrinkage or small errors in the angular repositioning of the hologram. There are grounds for
expecting that with better holographic materials the coupling efficiency , e (quite apart from the
basic hologram efficiency ) could be substantially enhanced.

Of more i rianediate concern was an investigation of the cross-coupling encountered in a multiple
fibre coupler. In typical experiments this was found to he at least 40db below the wanted si gnals. This
figure was achieved even when the two fibres, on one half of the coupler , were side by side and in contact.
This result is readily understood in terms of the formulation presented in section 3.

In order to investigate the tolerance to angular misalignment of one hologram wi th respect to the
other , experiments were conducted using the undiffracted component of a reference beam incident on the
pair of holograms as shown in Fi gure 11 . Tilting the mirror and using the undiffracted beam between the
two holograms is equivalent to a tilt of one hologram with respect to the other in normal operation. A
typical experimental result is shown in Fig. 12. It confirms the order of magnitude of the sensitivity
calculated for the different - but related — case , Figure 7. The system can also be used to effect a
displacement of the beam by means of a tilted optical flat; this is approximately equivalent to a
relative latera l displacement between the two holograms , Figure 13. The lack of degradation in coupling
even for disp lacements as large as 0.5mm, effectively confi rms one of the main objectives sought in this
study.

5. ASSESSMENT AND CONCLUSIONS.

We have analysed the operation of a fibre coupler to be built on the basic scheme of Figures 1 and
2. The results indicate that the tolerances which have to be met are , as expected , tight , but that
those whIch relate to the realization i~f the final coupler between two cables , factory-fitted with
holographic end windows , are readily .~ttainable. The experiments confirm the basic predictions of the
theory. Nevertheless , it is far from clear whether , and if so where , such a coupler could be implemented
in a fully operational system. In this section we will briefly discuss some of the relevant considerat-
ions .

- -
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The insertion loss of couplers is the primary measure of performance. If we can anticipate the
emergence of a phase holographic material technique allowing the attainment of 90% efficiency - In the
visible this is only a small extrapolation from the present situation - we could anticipa te a loss
(attributable only to the action of the holograms) of uround 1db. The Inherent coupling efficiency
will depend primarily on the size of the fibre; it will be substantially less for a small i ndex step
large core diameter fibre than for the relatively small core sample used in our experiments . However it
woul d to us seem undul y optimistic to assume that the Inherent coupl ing loss could be reduced below 1db.
This suggests an overall Insertion loss for the coupler of not less than 3db. In this we have so far

•. considered the case of a single fIbre-to-f ~bre coupler. For fibre bundles , the situation would not
however be drastically changed. The use of a multiplicity of fibres does Imply using a larger volume of
active holographic material , if we are to attain the same efficiency, for a given dynamic range as we do
for a single fibre. In the above we have for the moment disregarded the absence, at this time , of good
holographic materials in the wavelengths range which is currently of greatest Importance - 0.9 p~ato l.3pai . Let s however take the further leap of faith in assuming that such materials will be found.

We can then still come rapidly to one negative conclusion: It does not seem likely to us that such
a holographic coupler could serve as the primary splicing means, for jointing trunk cables . With fibre
losses which are now well under ldb/km , a loss of 3db in the coupler would represent an intolerable
deficit. These consideratlo’~ do not however apply with comparable impact at a terminal to a fibre system.
One can envisage that at such a terminal there will be the need to join rapidl y a bundle of fibres to one
of a different set of other bundles . One can al so envisage the need for patch boards, which allow flexible
redirection of traffic, or pr?rmit rapid testing of combinations of route fibres . In this area, we believe
that the chances for applying the holographic coupler are very much more favourable.

It is of interest to consider how many fibres in a bundle one might be able to combine in a single
coupler. We can limiediately conclude that the limit will not be set by Jack of space. We have shown that
crosstalk in addressing one of a pair of touching fibres Is less than -40db. If one were to take a
bundle in contact, one could readily accoimiodate 100 fibres in an area of less than 2nin square . The limit
must therefore be set by the dynamic range of the hologram, and the available hologram volume . Since it
is the product of modulation index and the thickness of the hologram which determines the efficiency
(Kogeln ik , 1969). one can argue that in order to store N high eff ic iency holograms on a single plate , the
photosensitive material must be N times thicker than for a single hologram. Typical thicknesses for high
efficiency bleached emulsion holograms are of the order of 6~im. Thus for 50 holograms , one would, on
this  si mple argument, require a thickness of the photosensitive layer of 3OO $~. In practice , it is
necessary to record two holograms per fibre, to allow for the fact that the direc~1on of polarization is
not known. A storage of 50 holograms therefore allows the coupl i ng of two 25 fibre bundles. -These
considerations are speculative; however, it is clear that the number can certainly be in excess of 10, and
also that it would prove very difficult to contemplate a number as large as 100.
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Figure 1 Basic holographic coupler system

(a)  Recording geometry . The holograms are separa tely recorded , with UR1 = U~2.
(b) Reconstruction geometry to effect fibre-fibre coupling. The wave between the holograms is -;

approximately plane.
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FIgure 2 A possible form of the holographic coupler.
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Figure 3 Basic coupler geometry. The quantIties and are coordinates for the source distribut-
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Figure 4 Model used for calculations. The refractive Indices are n1- 1.5 and n2~ 1.495.
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Figure 5 Effect of transverse fibre displacement errors on the coupling efficiency 
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Figure 9 ExperImental arrangement for selective coupling between two conjugate pairs of optical fibres.
l.laser 2.beam—splitters 3.mirrors 4.holograms 5.optical fibres 6.spatial filter .
beam expander 7.screen.
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FIgure 10 TypIcal results on loss measurements for the selective coupling between two conjugate pairs of
optical fibres.
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Figur* 11 Experimental arrangement for tolerance evaluation.
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Figure 12 Tolerances on the holo grams ’ angular relative misalignment .
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STRUCTURE DE CABLE POUR FIBRE S OPTI(~JES
ET PROCEDE OF RACOORDEMENT

par : C. LE NOANE
CHET /LANNION
France

RESUME

AprAs une presentation soninaire de. trois grand ma families de structures envisageables pour
des cRb les optiq.aee 1 conductmers monofibres et l’ exposA des rCsultats opto -mCcani ques obtenus apr15
la pause d’un cable A struc ture “classique”, nous dAc r ivons un support de transmisSion compose d’un
AI~~ent de c ible 1 structure cyl indriqu e compartimentée et d’ un systèm e de raccordsment . Nous abordons
is mode de rdslisation en continu d’un tel Clement et rapportons les rCsultats expCr*aentaux obtenu s
sur un raccordament effectuC entilrsment dana une chambre de raccordecent. Nous mettons d’ autre part
l’accent cur le caractAre modulaire ~~~~ telle solution qui doit permettre son adaptation 1 diffCren —
rentes applications.

INT RODUCTION
Lea noinbr eu ses applications envisagees pour les fibres optiques .justifieront certainement

l’utilis ation de diffCrentes structures de support de transmission. Dans tous les cas , cependant,
ii importe de prof iter des qualitCs essentielles de la fibre pour obtenir, I is difference des cables
actual., des cables lCgers, peu encombrs~its , dconomiques St utilisables pour div ers debits d’informa —
t ions. Les preciers prototypes de cables A conducteurs monofibres out montrC qu’il Ctait possible de
r endr e cc. cables trAs f iebles et trés rCsistants. En f ait , les performances mCcaniques et optiques
de cc. supports pourront Rtre trés variables me fonction du nombre de fibres requis , de Ia qualite
des fibres nCcessaires, des contraintes de pose et d’ expioitation at des performances recherchCes aux
raccordecents. Nous dCcrivons une structure d’Clément de cable cylindrigue compartimentCe et un procCdC
de raccordement constituant is base d’un système modulaire capable de rCpondre aux exigences de mul-
tiples applications.

STRUCTURES DE CABLES

On peut classer las structures de cables ou d’élCments de cables formCs de conducteurs mono—
f ib res en trois grandes familles

— les structures “rub.ns”(M.J. SCHWARTZ, l976) qui assemblent lea fibres en matrice constituCe
par ampilage de rubans et assuren t Ia protection mCcanique par Is gam e extCrleure. Riles
prCsentent surtou t un grand intCrRt pour lea supports de transmission nCcessitant un grand
nombre de f ibres (système . de tClCcomaunications numCriques A baa debits par exeup le) (f ig . l )

— las structures “ciassiques” (fig. 2) basCes sur Is protection individuelle de is fibre par
gainages at l’utilisation des techniques habituelles d’a.semblage. FLies peuvent conduire
A des performances intCressantes en attenuation at 1 une tenue mCcanique remarquable. Nous
di.po.ons de troncons de cc type de cables (R. JOCTEUR , 1976) poses en conduites sur 7O~~au cRET. L’attCnuation moyenne eat de 6,3dB/km (valeurs extrames 5 dB/km et 9dB/km) et n ’s
pa. CvoluC sprAs un an de pose. Lee tests mCcaniques de traction (fig. 3) effectuCs jus—
qu ’A present sur courtes longueura (points d’ancrage distants de 1 ,20m
pour un cable de 31* de long) ont montrC qu’un tel cable , grice A sa gam e aluminium
peut supporter une traction de 300 daN (sllongement 8/1000) sans risque de modification
de son attenuation et bien entendu sans rupture de fibre (fiA . 4). On peut cependant cram —
dre pour de telles structures un encombrement impàrtant, un processus de fabrication com—
pliqu C et coUteux et des difficultCs importantes pour 1. rsccordecent (dC gainag. des f i—
bras, repCrage...) dsns is cas ~~~ grand nombre de fibres .

— lea structures cyliudriques “compsrtimentCes”(G. LE NOANE , 1 976) dont le prin cips sat
d’Cv iter Ii protection ind ividu.Ile de la fibre gnic. A un profile adap’’. Ce type de struc-
ture modulsire peut rCpondre A une gamme faportante d’applicationa en faisant varier 1.
nombre de fibres par Clement, le diamItre de cut Clement St le nosibre d’Aièm.nts dan. le
cable.

La structure de chaqu. element repose sur quelquss principes fondasmntaux
— obrenir une unite ayant u s  qualitCs mCcaniqu.s di résistance St Is souplesse compatibles

avec l’assecblag. et facilitant lea raccordesents
— protCger st rsp*rer les fibres par un profile adapt C cc gui Cvite l’utilisation d. gainag.s
compl.xss

— 4vtts~ lea tr&itsments dClicats de Ia fibre (extrusion — enrobags) gui pourraien t nuire
aux qualitCs optiqu.s en utilisant ii fibre munie d’un rev$teaent trés fin it rCgulier , cc
qui facil its eussi Is raccord sment

_ _  - - -
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— dCfinir  un procesaus de fabrication en continu qui rende Ccononique is r Caliaa t ion des
ClCments de cable

Chaque élAment conprend (Fig. 5)

a — une inc cylindrique gui comporte 1 sa pCriphCrie une sIn e de cannelures hClicotdales
recevant chacune un, fibre.

b — les fibres monies d’un revitsment fin (2 I 3pm d’Cpaisseur) et rCgulier appliqué au
cours du fibrage. Elles conservent ainsi leurs qualitCc d’origine et out une tenue me—
canique compatible avec lee operations d~ cablage (souplesse , résistance A is traction
> I d~N pour une fibre de diamltre 125 pm)

c — un gainsge qui assure is fermeture des alvIolea . Connie dana toua lea cas de structures
cc gainage pour dee app lications I faible nombre de fibres peut 1 lui seul assurer une
excellente résistance mécanique au cible. (cc gsinsge peut slier d’ un simple enruban—
nage A une gam e aluminium...)

Lea caractCristiques des rainurea ou des alvColes (hauteur environ 6 fois le diamAt re d ’une
fibre , pa. d’environ 200ma) out etC Ctablies afin que is fibre, grace I des degrCs de libertC suf—
fisants , ne subisae pa. lea effeta des phénomlnes de dilatation, d’allongement sous effort de trac-
tion, de torsion, de flexion de lime centrale.

L’extrusion de polyCthyllne H.D. ou de polypropy lene autour d’un porteur central permet
d’obtenir lii qualitCs essentielles du profile , qui sont la rCgulanite geonCtnique et Ia tenue me—
canique, (chocs, Ccrasements, flexion , traction) . Nous Ctudions actuellement diffdrente e possibili—
tCs de fabrication en continu d’un tel éléinent de cible , afin de simplifier l’opera tion de pose des
fibres.

PROCEDE DE RACCORDEXENT
Nous avons developpC une mCthode dont le principe de base conaiste 1 remplacer , 1 chaque

ex trCmité des ClIments I raccorder, le support cablier des fibres (porteur central , profile rainurA ..)
par un profile parfai tenent calibre (fig. 6). Lorsque l’objectif essentiel est de rechercher lee trés
faiblea attCnuations (application aux tIlécoismunications) Ic. deux profiles emplOyAs Cu raccordement
sont issus d’une seule pièce et les performances dependent alors principaiement des Ccarts de dimen-
sions at de profiis d’indices entre lea fibres 1 raccorder. Dans le cas ou lee performances optiques
recher~hCea sont mom s sCvCrea , (transmissions courtes diatantes) on peut envisager la production
indCpendante des deux prof ills par noulage. Indépendananent de l’adaptation d’un tel procldd A une
structure de cable gui permet d’Cviter le dCgainage des fibres, l’application d’une technique indus—
trielle de sciage (sans polissage) pour Is preparation den faces Cvite les operations de position—
nenent longitudinal, aimplifie la partie mCcanique du raccordement et permet d’effectuer toutes las
prepara tions eur le chantier de pose (fig. 7).

Le procCdC de raccordement consiste donc I

— reaplacer Ia support cablier par un prof ill rainurl en matAriau tel que l’alumir~e apr18
épanouissement de l’CiémeM de cable.

— dCgamner lea fibre. si besoin est , at lea placer dans les rainures lea centrer at lea
coller en appliquant une preasion A l’aid~ d’une gam e thermorCtractable.

— scier les fibres dane un plan perpendiculsire 1 l’axe du profile

— nettoyer lea deux extrCmitds at lea enduire d’ une graisse aesurant is protection St Ia
cont inui tA d ’indice , puis assembler lee deux enbouts ainsi prCpards A l’aide d’un montage
mCcanique ( f i g. 8) dont is fonction essentielle est de reconatituer aussi iidllenient que
possible le profile initial — l’ alignemen t axial est assure par deux dem i— coquilles pres—
sees contre lee surfaces cylindriques des profiles et le poaitionnement angulaire par
deux clavettea — D’autres solutions aecsniques peuvent itre adoptées pour assurer cea
fonctiona nais l’ensemble constitue un montage mCcanique rigide et Ctanche (joints d’é—
tanchéltC) cc gui permet d ’ assu rer une excellente stabilitC .

RESULTATS EXPER IMENTAUX
Las rCsultate prCeentCs sur lea fig. 9 Ct fig. 10 out etC obtenus 1 partir de profiles en

alumine conportant cing reinuree et d’un montage mecanique analogue A celui utilisC pour un Clement
4. c3bls complet. Las rCsultats portent aur 40 raccordements effectués avec deux types de fibres (step—
index — 4dB/ km — 115— 65 pm at 125 — BSum). Men qua lea fibres sppartiannent A dee lots de fabrica-
tIon diff lrrnts , il est difficile de prejuger de 1. valeur exacte que prendraient cc. rCsuiteta au
stade induatriel en fonction de Ia qusliti ‘ee fibre~ employees.

Noua svons d’sutre part app liqué cette mCthode au raccordecent de deux cables 1 structure
ciaasique poses sur lOOm en conduite it obtenu des rCsultata analogues A ceux des Cchantiilone do
Isbor atolre. Cett. operation nous a permia de tester is stabi litk du connecteur (fi g.1l ) qui après
9 mois d’exploitation a gardl Las mimes performances malgrl de grandes variationa de temperature
(—5 A •30 C) . Files nous a conflrmC 1.. avantages de la mlthode po.itionnement des fibres en une
operation A l’aide d’une gam e thermoretractable , preparation des faces d’extrlmitCs par sciage,
posit ion nement long itudinal rigoureux . File nous a montrI d’autre part , qu ’il peut itre trés important

( 4. disposer d’une structuee 4. cible bien adaptCe , teile gui Ia structure cyiindrtgue compartimentIe
p.rm ettant  d ’kvlter  las operations dClicatsa de dCgamnags at assurant is repCrag e des fibres , surtout
dens Ic csa d’un grand nombre de fibres.
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CONCLUS ION

Nous nvons dCfini un support de transmission sur fibres optique s compose d’un elemen t du
cable A structure cylindriqu e compartimentle et d’un système d~ raccordement . Nous peneona que lee
possibilitCa de variation de Is taills de l’ClCment , du nombre d’alvCoiss, de is nature de is gains
en fonction des contraintes impoeIes permettront A un tel support de satiefaire A de noinbreuaes ap-
plications.
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AN ADJUSTABLE BRAICHIPG C0UP L~]~/ATFENUAT0R ‘OR MULTD4O DE

~I!~ LE FIBRE SYSTF~4S

C. Stewart and W . J. Stewart
Allen Clark Research Centre ,
The Plessey Company Limited,

Caswell , Towcester, Northants.
U.K.

INTRODUC TION

There is currently growing interest in directional or T—coupling components for use with single
mult imode optical fibres. Perhaps there has been somewhat less interest in the development of variable
and f ixed attenuators. These will, however, probably be required for system testing. The devices which
are described in this paper are essentially directional couplers or fibre taps, which, because of their
principle of operation, could also be used as attenuators. The essential property of the device is that
it is non—invasive; that is, the fibre is not permanently changed or damaged in any way when the device
is in use. This means that the degree of coupling or attenuation achieved, and indeed , whether there is
any coupl ing at all can be externally controlled in a simple manner. The non— invasive property is very
important since it enables the other desirable features of the device to be realised. These features are
very low insertion loss, and the elimination of the need for any connectors or splicer which would in
turn introduce a further source of overall loss. Furthermore , the inherent mechanical simplicity of this
component permits easy fabrication in quantity and therefore potentially low cost.

Two forms of the coupler/attenuator are presently under study. The first is illustrated in fig. 1
and consists of a block of clear plastic material with an amplitude grating on one surface against which
the fibre is pressed. The f ibre assume s the shape of the grating which is approximately sinusoidal.
Power from the fibre is coupled out into the plastic medium and may be detected at the end face . We refer
to ~.his type of coupler as a ‘bulk ’ coupler. The second form of the device (fig. 2) which is in many
ways more attractive, consists of a thin glass plate of about the same thickness as the fibre with a
grating formed on one edge . The plate is shaped such that the emerging radiation from the coupling region
is focussed on to a detector or another fibre . We repor t results for both types of coupler in this paper.

PRIM~IPLE OF OPU~ATION

Although we have described the operation of this device previously (1), its unique features justify
a more detailed explanation. The coupler may be conveniently considered to operate via a two stage process.
Firstly, power is converted from low order , well conf ined modes to much higher order , poorly confined modes.
These high order modes are then extracted from the fibre to complete the coupling process. The phenomenon
of induced coupling between waveguide modes due to a periodic perturbation of the guide is well—known sad
it is this effect which is used to implement the conversion of optical power from low to high order modes.
This is achieved by pressing the fibre in intimate contact with the mechanical grating which has a wave-
length such that phase matching of the propagation co lstants of adjacent fibre modes becomes possible.
The phase matching condhion is given by

Pl~ 
P 2 (1)

where A is the grating wavelength and 131 and 132 are the propagation constants of adjacent fibre modes.

This approach makes use of the highly imsitimode nature of currently available co~~ ,nication fibres.
Although for a step— index fibre A 13 varies with 13 the variation is sufficiently small for a highly
multimode guide of small refractive index difference between core and cladding to make operation possible.
Nevertheless, there is still no single value of coupling wavelength A which can produce coupling over
the complete range of propagation constants. We refer now to the graph of asimuthal mode number V as
a function of normalised propagation constant p Ibr~ for a multimode step index f ibre shown in fig. 3.

~ is the free space propagation constant and flU, is the refractive index of the core. All the bound,
leaky and radiating modes of the fibre can be represented on this diagram. The bound modes lie between
the line R — 06 (i.e. 13/kfl... l—~~) and 13/~or~,~. 1. The parameter R is a radius, normalised to the fibre
core radius, at which a mode become s radiative. Since bound modes have no radiative part in this case
R 00. The region of the graph to the left of the line R — 00 represents leaky and radiating .odes. The
line ft 1.47 corresponds to modes which become radiative at the cladding radius for this fibre . Super-
imposed on the graph are lines of constant coupling wavelength A in me calculated subject to the
experimentally determined selection rule for this coupling process, which is (3)

LPv~ 
(2)

where v , p are the azimuthal and radial mode numbers respectively.
We see that it is possible to choose a value of A (in this e~~mp1e A-~ l.9ma) which will couple together
pairs of bound and pairs of leaky odes. In fact, because the grating has a finite interaction length the
resulting ‘Fourier spread ’ of wavelengths about the central wavelength ensures that coupling can occur
between adjacent mode pairs ~ m- a range of value of propagation constant . Ologe (2) has shown that this
type of nearest neighbour coupling results in a diffusion of power fro. lower to higher order modes.

The coupling action is completed when power in modes of sufficiently high order leaks at the
individual bends of th. grating into the coupler medium. This is th~ well—known bending loss phenomenon.
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An important practical parameter in the description of the coupler is the mechanical amplitude of the
grating . Coupled mode theory has been used (4) to calculate the coupling coefficient between pairs of
mode s for various types of deformation of a multimode fibre. However, the overall behaviour of the coupler
as a function of grat ing amp litude will naturally also depend on the particular mode distribution on the
fibre . A detailed analysis will not be attempted here and we the refore re strict our consideration to the
assertion, based on intuition, that for a quasi—stable mode distribution coupled power will be a smoothly
varying function of grating amplitude , for small deformations.

‘BUU(’ C00PL~~S

In order to arrive at the necessary design criteria for a given application the properties of the
coupler and the way in which they are affected by fibre parameters must be determined. Experiments were
therefore perfor med to investigate the relationship between coupling efficiency and attentuation and the
mechanical amplitude of the grating. The insertion loss, or more usefully, the incremental (or excess)
system loss introduced by the device was also determined.

Figure 4 shows the variation of coupling efficiency as a function of grating amplitude for a very
short system length. This data was obtained using five bulk couplers of different amplitudes to which the
experimental points refer. The results suggest a sharp initial increase in coupling efficiency with
amplitude followed by a more well behaved, smoothly varying region. In order to check this behaviour an
experiment was performed with the 16 micron amplitude coupler. The fibre was pressed gradually into
contact with the grating until the full depth of the coupler was impressed on the fibre, while simultaneously
monitoring the power from the coupler. Figure 5 shows that a sudden rise of coupled power at low amplitude
is again followed by a more well—behaved section and eventual saturation as the fibre becomes fully contracted.

The labelling of the abscissa on this and some subsequent graphs merits further coument. The actual
experimental arrangement is shown in figure 6. The coupler is rigidly fimed and the fibre is loosely
attached to a rubber pad soaked in index matching liquid . The pad is mounted on a ri gid plate which may
be translated by a micrometer stage with an electrical output facility. While the exact mechanical behaviour
of this arrangement is not simple, for the very small displacement s involved we infer that the micrometer
displacement is roughly proportional to the effective grating amplitude produced.

These experiments were repeated for longer lengths of two different step index fibres. In the first
case, shown in figure 7, for the same fibre as before , the sudden rise in coupled power is not present.
The absence of the effect is also apparent on a measurement made on a single coupler (fig. 8). We explain
this result by noting first that for the case of the coupler very close to the source the fibre will
contain a sizeable proportion of leaky modes (5), many of which are very lossy and would not be present
further from the source even if the coupler were not applied. Also as we showed in a previous paper (1),
the action of the coupler is such that power is extracted predominantly from the outer fibre modes. The
initial application of the coupler, therefore, causes the high uder modes to be stripped rapidly and
detected at the coupler output. The resulting fibre mode distribution is then narrower and more represent—
a~ive of the distribution further from the source . Applying a greater amplitude to the fibre therefore
merely enhances the power diffusion from low to high order modes to produce coupled power in the expected
manner. In this region therefore an increase in grating amplitude has the primary effect of increasing
the coupling coefficient between adjacent f ibre modes. In the experiments using the longer length of
fibre the extremely high loss modes have been removed before the coupler is encountered. No rapid rise in
output pawn— is therefore expected on initial application of the coupler.

The second longer length experiment used a step index fibre of slightly smaller core size (63 micron
as opposed to 85 micron). The behaviour is substantially the same as before with no apparent transient
effects , as illustrated in fig. 9, for a single coupler measurement. In this instance the output power
from the fibre end was also monitored and decreases in a moothly continuous manner as shown in fig . 10.

We consider now the effect of the application of the coupler on the incremental (or excess) system
loss Introduced for a short and intermediate distance of the coupler from the source • The output power of
the fibre end i.as monitored before and after application of the coupler. The coupled power was also
measured. The fibre was broken a short distance from the input end and the input power measured. Cladding
power was stripped at both the launch end and the termination. In the short length experiment the
arrangement consisted of about l.~~ of fibre followed by the coupler and a further 3.~~ of fibre . The
measured fibre loss was of course very small for such a short length. Assuming all of the fibre loss to
occur between the source and the coupler — that is the total fibre loss is referred to the input end of the
coupler — then the excess loss introduced by the coupler calculated on this basis represents a worst case
f igure. Thus the transmission of the fibre with the coupler applied was 87.2% with U.5% of the unit
input power appearing at the coupler output. The total losses were therefore 1.3%. If the loss in the
fibre is not referred to the input end of the coupler, but treated as occtn-ing all along the length of
the fibre then the measured excess loss was 1.3%. As might be expected for this very short length of
fibre the difference is very slight.

A longer length of fibre arranged with 30m prior to the coupler and 10. afterwards gave performance
data (with normal fibre losses referred to the coupler input ) of transmission 72.4%, coupled power 23.6%
and total losses of 4%. By assuming fibre loss to occur throughout the system the excess loss was about
3%. It should be noted that these loss figures refer to the total losses f or a system to which a coupler
is applied. They consist in general of two component.. The first is due to imperfections of the coupler
itself resulting in loss of light after it has been extracted from the fibre. This loss component is
expected to be very small and has been reported previously (1) to be of the order of 0.5%. The other
loss component is due to light which has been converted by the couple r into high order modes but not
extracted before the nd of the interaction region. This high order mode power is subsequently lost in
the fihr e itself . This effect is thought to account for most of the measur ed power loss.

_ _  

_ _ 
_ _ _ _
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flUN PLAIE COUPL~~S

Recently we have made preliminary measurements on thin plate couplers which have the advantages over
bulk couplers of small size and only a one dimensional focussing requirement. They are also potentia lly
cheap items since many may be fabricated simultaneously. While there are several possible methods of
fabrication which could be investigated we have chosen a polishing technique which allows the grating
profile to be formed sisultareously on a stack of about 100 coupler blanks. The blanks are prepared by
waxing together about 100 circular glass cover slips. The resulting cylindrical block is then cut and
polished to form two blocks of coupler blanks (see fig. 11). It is naturally essential that all the
plate edges are of good optical finish and this is checked by inspection. The blank s are polished on a
wheel which resembles a caricature of a gramophone record except that the grooves have a sinusoidal
profile. After a time the blanks assume the same profile and are f inally polished to a good optical
finish. Separation of the plates results in a set of couplers more or less identical in geometry and
therefore properties.

Preliminary measurements have been made on these devices and these compare well with results obtained
with bulk couplers. For a thin—plate coupler which usefully extracted 14% of the input light, for example,
a loss of 2.5% was recorded. This measurement did not fully take account of the excess loss discussed
earlier and is thought to be almost entirely due to imperfections of the plate. With improvements in
manufacturing tolerances this loss may be expected to be substantially reduced.

A prototype assembly for a thin plate fibre to detector coupling device has also been constructed.
Figure 12a shows a photograph of the device and fig. l2b a cut away view of the arrangement. The plate is
held in a slot at the bottom of a V—block. The fibre is located at thc bottom of the V and pressed on top
of the plate by a flexible pad operated via an adjusting s’rew. The coupled light is focussed on to a
detector attached to a miniature electrical connector which is screwed to the bottom of the block. The
outer metallic casing serves to protect the bared fibre and to clamp the cable. We have demonstrated the
operation of this assembly and ~‘ork is proceeding to improve the design and performance.

CO~&~LlJSI0~~
We may say that the reasonably well behaved nature of the coupled power as a function of grating

amplitude for realistic fibre lengths and the smaU incremental loss penalty introduced show that this
device is capable of effective operation both as a directions]. coupler and as an attenuator. The
important non—invasive property, which is responsible for the low loss, allows the coupl ing fraction or
attentuation to be made continuously variable from zero to the device maximum, a feature which would be
difficult to achieve with alternative invasive schemes. We have made prototype devices which are now
undergoing practical assessment and developuent and we hope to present details of thi s work at a later
date.
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Mode diagram for step index fibre
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BIDIRECTIONAL CENTRAL COUPLERS FOR LINKS WITH OPTICAL FIBER BUNDLES

L. D’Auria and A. Jacques
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Laborato ire Central de Re clierches
B.P. 10 — 9140. . Or.ay

(Fr ance)

SU)*4ARY
A range of compatible and detachable devices for links with optical fiber bundles have

already been developed including both components for point to point links (transmitter, receiver , connec—
..ore ... ) and data distribution devices (3d B splitter , electrically tapped connector , mechanical multiple
switch).

In this paper we describe bidirectional central couplers having seven input/output ter-
minals, compatible with all realized devices.

Construction of two types of central couplers is described : assembled bundle coupler
and separable bundle coupler (with linear central fiber and U central fiber).

A technique using a central diffuser allows a significant and reproductib le decrease of
the maximum variation of the detected levels on the same detecting channel.

I — INTRODUCTION
The optical fiber bundles with low active diameter ( < 600,um) have been retained for

operational links with medium rates (~~~1 40 Mbits/.) on short distances (~U 100 meters).

The use of several optical fibers transmitt ing the same signal achieves tran smission
security ‘y redundancy, connection simplicity related to large mechanical tolerances and the reliability
of electroluminescent emitters, adapted to the bundle size and working with low current densities
(<100 A/cm2).

A range of detachable , active and passive devices have been developed ; these devices
are specifically adapted for use with optical fiber bundles containing 37 or 19 fibers, 85/um in diameter ,with high numerical aperture (0.5) and medium losses (<  IOOdB/km) [i, 21

The family includes devices for point to point links
— Emitter and detector units including LED’s, PIN silicon photodiodes and optical

couplers enclosed with flange mounting (Figure I.a).
— Complete transmitter and receiver modules with analogic on TTL compatible
output/input (Figure I.b).

— Bundle to bundle mixing connectors permitting standardization of cable
terminals and reducing random coupling variations due to fiber breakage ~ndpositioning (Figure l.c).

— Italtip le connectors for cables containing six optical fiber bundles (Figure I .d) .
— Feedback regulated emitter permitting optoelectronic feedback linearizstion ,

constant peak power emission or bu i l t  i~ test functions (Figure l.e).

And devices for data distribution
— 3dB passive splitter made with single fibers (Figure l.f).
— Electrically tapped connector performing two functions : bundle to bundle mixing

connection and taking a fraction of the signal circulating in the link and allowing
optoelectronic splitting with low leakage factors and localization of faulty
bundles (Figure I.g).

— Mechanical multiple switch allowing the passage of the opiical information from
one bundle to any of six bundles (Figure I.h).

To realize conversa tional links between several terminals with optical fiber bundles
(see Figures 3.a and 2.b), Tee and Star systema have been exa”~ined end specific devices (Tee couplers and
Sta r coup lers) have been proposed (3, 4 . 5 , 6 , 7 , 8J

It has been f u rther demonstra ted that, although requiring greater length of fiber bundles,
the Star configuration is more advantageous than the Tee configuration concerning the optical power at-
tenuation between two terminals.

Indeed, assuming that the insertion losses and the connexion losses are negligible ; in
a star system with N terminals, the theoretical attenuation As, expressed in dB, between any two termi-
nals is given by

As — lO Log N ( I )

In a Tee system , using for example , identical couplers with a 10d B coupling ra t io  the
attenuation A.1 in the worst case is given by

AT — 0.46 (N—3) + 13 (2)

* Thi. work is supported by the “Direction des Reeh .rches et Moyans d’Essais”.
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The curves in Figure 2.c show clearly that the possible number of terminals for the
same attenuation between two terminals is higher in the Star system than in the Tee system ; this dif-
ference is emphasized when the insertion losses and the connection losses are introduced in the torimiles
(I) and (2).

In the following, various configuration of bidirectional central couplers are
described
— Coupler with assembled bundles.
— Coupler with detachable bundles with linear central fiber and

H U central fiber.

These couplers are compatible with already existing devices.

2 — DESCRIPTION AND THEORETICAL CONSIDERATIONS

2.1 — General

Figure 3 diagrams the principle of a bidirectional multiport coupler.

The coupler is constituted by a central optical fiber F0, on the input face of which are
assembled all the emitter bundles F1, F2 ... Fn ; the assembled detecting bundles F’1, F’2 ... F’~ beingissued from the output face of F0.

The optical information coming, for example, from the emitter E 1 and circulating in the
bundle F 1 ii injected in the central fibre F0 whose numerical aperture is the same as that of the fibers
constituting the bundles and which core area is at least equal to the area of the central bundle consti-
tuted by the assembling of the bundles F1, F2 ... Pa. The length of P~ 

is at least such that the opti-
cal energy coming from any of the bundles F1, F2 ... F~ covers all the output face of F,, ; the inf or—nation from emitter Fl will be then distributed to the receiver R 1, R2 . . .  R~ th~ou~~ the bundles F’i,
F’2 ... F’s. The same holds true for the information emitted by any of the emitters F2 ... F~.
2.2 — Central coupler configuration

Two main types of seven-port central couplers have been examined.

-a- Co~p!er ~i!h_a!s!mkl!d_b~n~l!s
This type of coupler is schematized on Figure 4.a. The optical fiber bundles coming from

the emitter (and detector) units are assembled into a single ferrule and all the fibers of the seven
bundles are solidary.

The detachable connections are located at the two extremities of the central fiber F0.
An additional detachable connector may exist on each elementary bundle.

-b- Co~pier !i!h_d~t~c.~a~l! bund!es

It seems desirable to dispose of independent detachable bundlee on the central coupler
realized in a monoblock form.

Two types of coupler with detachable bundles have been examined (see Figure 4.b and
4.c) with linear central fiber and U central fiber .

The transition between the detachable connection and the central fiber is ensured by
intermediate single fibers, linear or curved with two bends according to the position of the terminal.
If the central fibre is U—shaped , notice that the detachable connections are set in the same plane (P)
as the interface between the intermediate single fibers and the central fiber in the plane (F’).

The main advantages of such a configuration are
— Utilization of standard bundles and standard connections.
— Possible location of the coupler on the front paneL of monitoring equipment.
— The monoblock concept gives robustness to the device.
— The intermediate single fibers are polished in a single operation.
— The component. and the technology used are simple, insuring a low cost in industrial

production.

The bolting of the connections between the bundles and the intermediate fibers
can be made

— Independently as in Figure 4.c.
— Simultaneously on the seven ports using for instance classical bolting of
ailtiport ~l.ctrical connectors ; the bundles being strand assembled.

2.3 — Los. evaluation
The loss evaluation below is applied in the case of couplers with detachable

bundles. -

Let N be the number of terminal and , expressed in dB (see Figure 5).

: LED—monofiber coupling loss in the emitter Unit (due to the limited
numerical aperture of the fiber).

Monofib.r—buisdl. coupling Los. (due to the detachable connection and
the filling factor of the bundle).

_______________________ — ~~~~~~~~~~~~~~~~~ — •— 
—.-- ~—---- - -- .—— —•-—— . -‘.-——— -. —
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I’d Bundle—intermediate fiber coupling lcss (due to the detachable connection) .

P Central fiber—intermediate fiber coupling loss (including the N terminals
~ separation) .

Loss due to the fill ing factor of the intermediate fibers.

Assuming an un i fo rm d i s t r ibut ion to the N teruina le it can be written

— + lO Log N

Neglecting the bundle lineic lz sses , the attenuation At , expressed in dB , between
the opt icsl power emitted by the LED and the optical  power detected by ~he photod iode , is

AED —

— t’c + 2~
I’E 

4 I’d~ 
4 F

~ 
+ 10 Log N

Ii optical fibers with 0.5 numerical aperture are used

— 10 Log (1 )2 - 6dB

The other causes of losses are principaly II]

— The losses due to mechanical misaligments in the detachablt connections (axial and
angular misaligments, distance between the optical faces, optical surface quality,
perpendicularity defects , Fresnel losses) combined are between I and 2dB.

— The losses due to the f i l l i ng  factor  of the ut i l ized bundles (2 to 3dB) and the
f i l l ing facto r of the central f iber—intermediate  f ibers interface ( I  to 2dB) .

Under these conditions AtD ’ expressed in dB , is comprised between ( I S  + 10 Log N) and
(22 + t O Log N).

2.4 — Problems of variation of the detected levelS
One of the problems encountered using central couplers is the variation of the detected

level on the sane detecting channel with  the d i f fe ren t  emit ter  ports.
This variation is due to the non—uniformity of the light dis t r ibut ion on the output

core surface of the central fiber.

One can define the maximum variation D as the difference , expressed is dB , between the
maximum optical power I’M and the minimum opti cal power P detected on the same detecting channel consi-
dering all the emitting channels : m

D — ID Log ~~—

Si

A technique to make the light distribution uniform on the central fiber output face ,
vhile ensuring the coupler reproducibility in a eerie fabrication , is to introduce a l ight  d i f fuse r  in
the middle of the central fiber (see Figure 6).

This d i f fuser  rearranges the angular optical power d is t r ibut ion in the fiber and
favourises the power mixing • decreasing the variation D. It introduces obviously some losses and a trade
off ha. to be done between the maximum variation 0 and the extra losses.

3 - EXPERIMENTAL RESULTS
We have made a seven—port central coupler prototype with assembled bundles. Each of the

input/output bundles contains 37 fibers, giving a central bundle with 259 fibers. The diameter of the
central bundle after packing in the ferrule is I.5nin . The bundles assembled on each side of the central
fiber , which length is 17.Sims, are detachable and connected with modified Conhex connectors.

The photograph of Figure 7 represents a coupler with assembled bundles on a testing Bench
specially designed for the characterization of central couplers. The bundles coming from the input/output
faces of the coupler are connected to seven emitter units and seven detector units with modified submi-
niature connectors.

On Figure 8 is sunim’~ized the loss measurement and shown for every channel the maximum
variation in the attenuation between the optical power emitted by the emitte unit and the optical power
detected by the detector unit. In the wurst case, a 5dB maximum range is seen on channel 2, due to pat-
terning effects on the output face of the central fiber .

A rand omization procedure for the arrangement of the fib ers in the central bund le can
be used in order to reduce partially the magnitude of the variation ; Nevertheless it should be note that
this procedure is not reproducible and cause. some breakage 3 • The average tsr .inal—to—tsrmlnal atte-
nuation is 18dB including
— The seven port separation (8.5dB).

_______— —.—T — 
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- The f i l l i n g  f ec r I the input/output bundles (2x3dB) .

— The d e t a c h a b l e  con n e ct i o n s  (3 . 5d B ) .

Two p r o t o t y p e s  of c en t r a l  c o u p l e r s  w i t h  d e t a c h a b le  b u n d I e ~ have been made w i t h  a l i n e a r
cen t ra l  f i b e r  and a U—c entral f i b e r .

The seven in t e rmed ia t e  f i b e r s  a t  the  two e x t r e m i t i e s  of the  c e n t r a l  f i b e r  have a core
d i ameter of fS 1um corresponding to the a c t i v e  d i a m e t e r  of 37 f i b e r  b u n d l e s .  Among the intermediate
f i b e r s , it is l i n e a r  and s i x  have two bends.  The seven f i b e r s  are introduced in an o p t i c a l  head whose
one f ace  c o n t a i n s  the  in t e rmed ia t e  f ibers in a s u r f ac e  of l.9un d i a m e t e r  co r r e spond ing  to the a c t i v e
di a m e t e r  of the central fiber the o ther  face  of the  op t i ca l  head i nc ludes  seven independen t  connec tors
correspond i ng to the seven channels .

The f i l l i n g  f a c t o r  of the seven i n t e r m e d i a t e  f i b e r s  w i t h  regard to the core d i ame te r
of the c e n t r a l  f i b e r  cor re spond s to 2dB loss. In t h i s  type of coupler  the  i n s e r t i o n  loss P . is de f ined
is the  a t t e n u a t i o n  between the o p t i c a l  power coming in to  an in t e rmed ia te  input  f i b e r  and die op t i ca l
power de tec ted  at the  output  of an in termedia te  f i b e r .

The inser t ion  loss includes
— The seven por t  separat ion (8.5dB) .
— The f i l l i n g  f a c t o r  of the ou tput  o p t i c a l  head (‘v 2dB) .
— The proper h s ses  due to the passage through the in termedia te  f ibers  and the

cent ra l  f i b e r  ( w i t h  and w i t h o u t  d i f f u s i n g  i n t e r f a c e ) .

In the case of the linear cent ra l  f i b e r , the diagrams of Figure 9 gi f ~~, for  every
de t ec t i ng  port , the maximum v a r i a t i o n  of the inse r t ion  loss w i t h  and w i t h o u t  interposed d i f f u s e r .

The total  length of the cent ra l  f i b e r  is 24 .bimr and the d i f f u s e r  is character ised by a
d i f f u s i o n  angle of 25’ (half power) .

Under these experimental condi t ions, the greatest maximum va r ia t ion  of the i n se r t i on  loss
occurs on the central  port (number 7) and is equal to 5.4dB wi thout  d i f f u s e r  and to 2 . 7  dB w i t h  d i f f u s e r
the average insertion loss is equal to 11. 5 dB or 14.5 dB according to the absence or the presence of the
diffuser . Similar results have been obtained with various lengths of the central fiber.

An other prototype has been realized with a U central fiber. The two optical heads are
in a same plane and are separated from 5cm. The central fiber has a length of 8cm and a bending radius
of 17.5mu . I

As in the previous case, the diagrams of figure 10 give for every detecting port , the
maximum variation of the  insert ion loss wi th  and without interposed diffuser. The maximum va r i a t ion  is
equal to 1.9dB (channe l number 5) without central diffuser and to 1.5 dB (channel number 3) with a
central diffuser the average insert ion loss passing f rom 12 .5dB to 14.548. ~Je note a decreasing of the
maximum varia t ion due to mixing effects in the curved central fiber and then a lower relative efficiency
of the diffuser .

The prototype of Figure II shows a mounting possibility of a central coupler with
independently detachable bundles and U central fiber .

4 — CONCLUSION
Various structures of bidirectional central couplers with seven ports for links with

optical fiber bundles have been analyzed and realized .

The working principle of a central fiber has been verified for an assembled bundle
structure and a detachable bundle structure with a linear central fiber and a U central fiber.

In the case of a linear central fiber , the utilization of a central diffuser allows a
significant decrease of the maximum variation in the detected level of the same output channel.

Conven tional technology allows an easy reproducibility of the central coupler with
det sc hab [~ bund les .

— - — ~~~~•a—~-~~— ———-~ --- — — — —.—— .._~~~~.. ~~~~~~~~~~ .. -. —.- -
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T - COUPLER FOR MULTIMODE OPTICAL FIBERS

L. JEUNHO)*IE, J. P. POCHOLLE
Labo ratoires de Marcoussis , Centre de Recherches de Ia

COMP AGNIE GENE RALE D’ELECTRICITE
Route de Nozay, 91660 - Mercou ssie - F RANC E

SU)IIARY

The device to be described here allows the derivation of a variable amount of the lig ht travelling
in a multimo de optical fiber without interruption of the transmtsmion link . The principle of this optical
f ibe r tap is to induce well controlled mode conversion between guided and radiation modes of the fibe r ,
wh ich can thin leak out In a h igher - index  surrounding medium and reach a photodetector. The mode conversion
is induced by bending the fibe r in a sinusoidal way and the derivation ratio is adjusted by vary ing the
amplitude of the sinusoidal deformation. The results presented here concirn the influenc e of the mechanical
wavelength of the deformation , the radiation pattern of the power derivated from the fiber and the influence
of the device on the propagation characteristics of the fiber (far-field radiation pattern and impulse
response). Results concerning the derivation ratio achievable with this device are also presented for both
step—index and graded—index fibers.

1. INT RODUCTION  — - -

Since the advent of low—lose multimode optical fibers , there is a great interest in the realteation
of optical fibe r data buses , especially for military applications. For this purpose, it is necessary to use
T — couplers which allow (i) the extraction of a part of the li ght travelling in the optical link and/or
(i i ) the insert ion of a signal into the main opticla link. In the case of data buses achieved with fiber
bundl es, many possible schemes have been proposed , but it recently appeared that sing le f ibe r da ta buses
could also be of interest. It is thus necessary to solve the problem of the T - coupler for the single
fibe r case.

We restrict here our interest to Lhe problem of the optical fiber tap, which allows only the ex-
tr action of a part of the power travelling in a single multimode optical fiber. Some authors have recently
proposed d i f fe ren t  solutions tc this problem , such as using a tapered section of fiber (OZEKI, T. and
KAWASAX I , 8.S., 1976), etching the cladding of the fiber (PAN , J.J., 1976), fusing two fibers to one other
f i b e r  (FU JITA , H. , SUZAXI , Y. and TACHIBANA , A., 1976 ) , inser ting end fusing a micropriem between three
f i b e r s  (SUZUK I , Y. and KASHIWAG I, H., l°76) or using the lateral displacement of a fiber incident on two
other fibers (WITrE , D li., 1976).

However , none of these devices can be inserted without interrupting the transmission , in most cases
it i s difficukt t.o adjust the amount of power extracted from the fiber and the coupling efficienc y is often
very small.

On the other hand , we have demonstrated that it is possible to achieve an optical f ibe r  tap which
can be inserted without interrupting the transmission and for which the derivation ratio can be easily
adjusted up to — 3 48 with a very good coupling eff ic ienc y and smell insertion loss (JEUNH OMME , L. and
POCHOLLE , J.P., 1976).

The purpose of this pap er is to furthe r describe the princip les of thi. coupler , the influenc e of
the important par amete rs and the performance s which can be reached.

2. PRINCIPLE OF THE COUPLER

It is well known from the work of MA RCUSE , 1). (1973) , that inducing a periodic distortion (for
example s per iodic  bending ) in sn optical fiber will couple pairs of mode. with propagation constants
and such that

± :~~/ r~ (.i)
where A is the mechanical wavelength of the distortion.

It should thus be possible, by suitably choo s ing the value of (\ , to couple guided and rediation
modes together ; this is the bae~c ides which is used in our coupler.

2. 1. Theoretical considerations

W. consider here multimode fibers with a high number of modes. These modes are characterized by two
i ndices 

~
i and ~~which, respectively, counv the number of radial and azimuthal nodes in the field intensity

of thst mode. Each mode hae a propagation consta nt

If we restrict interest to fiber , for which the refractive index profile is described by an
CC - power law (CLOG E , D. and MARCATILI, E.A.J., 1973), it can be shown that the propagation constant

Is given by (OL$MAMSKY , L , 1973)

~~~ kt {4  ..2.
~I?1 

~~~~~~~~ l

].

~_ 14Is 

(2)
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where . k 1 is the free-space propagation constant of the l ight x the refractive index on f ibe r  axis (n
1

)

k4.. 2~~~~~/ ) s
ta is the relative index difference between axis (n 1

) and cladding (n
2

)
In
’a is the radius of fibe r core.

All the guided modes have propagation conetants i,..,, such that 
~~~~~~~~~~~ ~~~~

which means also 0 

~ ~
2r ’~ ~ 

_~~_ o z
~~~ 

~ 
(~)

For othe r values of (2 
1u + ,~ ), we have leaky or radiation modes.

It has been experimentally observed that , when a fiber is sinusoidally bent , the re exists an addi-
tiona l selection rule to relation ( 1) for coupling pairs of modes (STEWART, W.J. , 1975 ) , which expresses
that coupling occurs from a mode ( ~e , ~P ) to a mode (j~ , ~? + 1) only.

We are thus able to compute the differenc e in propagation constants of the modes which can be
coupled together through a periodic distortion of the fiber axis. For two particular cases of practical
interest , we obtain 4/(.Z~~) 2/c._ (4)
for the parabolic index f i b e r  (o ( — 2).

—~~~ — (~s~-: ( 2 + iO) (c)

for  the step index f ibe r .  (il -s os)

It can thus be seen that fo r parabolic index fibers , either sll the modes are coupled together if
the mechanical wavelength of the distortion verifye s relations (1) and (4) , or they are uncoup led.

For step—index fibers , by consideri ng the minimum and the maximum value of ( 2 ,u + ~ ) given by (3) ,
it appears that varies in the range :

.A_ (
~~~ < ~~~~~~~ ( ‘)

If the mechanical wavelength !~ of the distort ion is such that

~~~ .( —& no coupling occurs
~i

A ~
. 2~~, A

4 -
~~~ 
‘. .-

~~~~
- .

~j
— coup ling occurs only between some particular guided modes

A ~ 
~ coupling occurs between some 3uided , leaky and radiation modes.

It appears thus clearly that , for coupling a part of the guided li ght to radiation modes , in a
step—inde x f ibe r , it is necessary that A verify cs this last inequality. It appears also that , i-f the dis-
tortion of the f i b e r  is purely sinusoidal on an i n f i n i t e  length , only a few particular guided mode. will
be coup led to radiation modes. This would , of course , l imi t  the interest of such a coupler. In practical
cases , however , the induced dis tor t ion of the f ibe r  will  occur only on a finite length and this fact allows
al l  the modes to be coupled together and to radiation modes : let us take A as the mechanical wavelength
and 2 1 as the length of distortion , then the mechanical spectrum of the distort ion is

~~~~ ~L _ t ~p) 1 12
(~~ - * ~)~ J

Thus, all the modes which have ~~ in the range were this spectrum is not ~oo small wi l l  be coup led
together , and shor tsr the deformation , wider the range of coupled modes.

We can now def ine  the way in which  such a coupler should be bui it .

2.2. Def in I t ion  of the coup ler

The simp lest way to achieve a quasi sinusoidal deformation of f i b e r  axis is to press it between two
gratings , with the convenient mechanical wavelength end su f f i c i en t l y  deep t~s al low st rong defo rmation of the
fiber , as shown on f i gure 1. The displacement of the upper grat i ng can be controlled through a precise t rans-
lation stage.

For the experi ,tents to be described here , we dispose after the gratings a glass hemisphere of hig her

4 refractive index than the cladding and a mirror p la te, be tween which the f iber pa.ees, inmiersed in an index
matching oil .  This de vice allows the light t rsnsferred to radiation modes by the gratings to leak out and
to reach a photodetector. In the de f in i t i ve  coupler both functions , defo rmation and index matching b tould be
combined in order to get a better e f f ic iency .

—a—-—— —- — 
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The fibe r used in the experiments is a step index CCW fiber with the following characteristics

- 1.46 , a - 42 . 5  ,um , ~ — 6 x lO~~

From relat ion (6) we obtain

( A~~IC for - 0.633 urn
4( 1, 4. 1-i /

~~ <~ ~Zit_ sm
1 for - 0.82 urn421 .4.12 /

which are the wavelengths which will be used in the experiments .

For e f f i c i e n t l y  coup l i o~ li ght  f rom many guided modes to r ad ia t ion  modes , we shall thus use a
grating with a mechanical wavelength sli ght l y hi gher than 1.72 nan and a finite length such that the mecha-
nical spectrum extends above 1.72 me. On the other hand it is clear that decreasing the length of the
grating s will decrease the amount of power that can be cuupled out from a particular mode, and we have thus
to f i n d  a t r a d e  of f  between both e f f e c t s .

It should be noticed that  the upper  l i m i t  of is nearl y independent o~ the l i ght wavelength
(since ~~~ ‘>~

, A/ak, , in mul t imode  f i b e r s)  and thus the optimum value of the mechanical  wavelength is

also nearl y independent of the l l g ’t  wavelength.

3. EXPERIME NTAL RESULTS

The first point to be examined is the optimum mechanical wavelength of the gratings.

3. 1. Influence of the mechanical  wavelength

The li ght source used in this exper iment  is a He-Ne laser weak ly foc used onto the input plane of
the two meter long fiber. This ensures that only low—order modes are launched (the far field radiation
pa t t e rn  a f t e r  two meters  of f i b e r  haa a bsee l ine semi ang le of 5’ compared to 9’ for the max imum guiding
angle of the fiber) and thus the conditiors are particularly difficult because we need a wide mechanical
spectrum .

We use two sets of gra t ings pai rs , mechanical ly  manufactured on c i rcular  perspex plates. The f i r s t
set has a mechanical wa velength of 1.4 nan and the second one of 2 nan , the diameter of the plates is 42 nan
and the  depth of the grat ings is 1 nan and 1.4 nan respectively. The angle between the f iber  axis and the
grooves-sf the grat ings, in the horizontal plane , is varied through a precise rotation stage so that the
e f f e c t i v e  mechanical  wavelength of the induced dis tor t ion can be varied from 1.4 nan to 2.8 nan for the first
set and 2 nan to 4 nan for the second set. It sh ould be noticed that vary ing the mechanical wavelength in this
way let the d i s tor t ion  length f ixed , so that  the mechanical spectrum bandwidth is constant.

We measure the total t ransmi t ted  power P at port  2 , as a func t ion  of the rotation ang le , with a
constant ampl i tude  of deformat ion of the f iber .  ~his experiment has been carried out with three d i f f e r e n t
am p litudes of deformation (weak, medium and strong) and the curves P2IP~ (P t ransmitted power without
deformation) as a function of the mechanical wavelength are shown on figure 2.

It can be observed tha t

(i) increasing the deformation increases the insert ion loss (or equivalently decreases P 2 / P )
(ii) there exists an optimum for the mechanical  wavelength which  varies from 2 nan to 2.6 nan when the amp li-

tude of the deformation decreases.

These values are in  good agreement with the theorical predictions of section 2.2..

In order to have a more complete insight into the inf luence of the mechanical wavelength , we have
also made detailed investigations of P /P ’ as a function of the displa c -mont d of the grati ng (or amp litude
of the deformation ) for several mechan ?ca~ wavelengths in the range 1.8 to 2.6 nun.

The resul ts are presented on f i gure 3 where it is seen that

( I )  for strong deformations , the optimum mechanical wavelength is 2 nan
( i i )  when the emplitude of the deformation decreases , the optimums mechanical wavelength becomes higher.

These observations conf i rm the prel iminary constations made on figure 2 , and in the subsequent expe-
riments , we will use the 2 me wavelength.

We can also conclude from this experiment that this wavelength and length of gratings combination
allows even the low order modes to be coupled to radiation modes.

Similar measurements made with an L.E.D. butt joined to the fiber instead of the He—Ne laser , and
usi ng a cladding mode stripper at th. input show that 2 nun is also the optimum mechanical wavelength under
these conditions (lig ht wavelength 0.82 ,um and all modes exci tation).

- - - -- --—--— - ------ _ _ _ _ _ _ _ _ _
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3.2. Influence of the length of the gratings

Fur this experiment , we use the same experimental arrangement as in section 1 with  l i t t l e  changes
For the l a u n c h i n g  condit ions , In  a d d i t i o n  to the low order modes excitation , we use also an all modes exci-
t a t i on  by pressing the f i r s t  20 cm of f i b e r  between e las tomer  and sandpaper ; under these conditions the
far-field radiation pattern has a base—line semi—ang le of about 12°.

Two sets of gratings are used the first one has a mechanical wavelength of 2 me and a length of
42 nan and the second one has the same mechanica l  wavelength but a length of 10 me, in order to wide n the
mechanical spectrum.

Fi gure 4 shows the curves P 2 /P~ for  both launching condi t ions  and both g ra t in g  lengths.

Results indicate that this change has little effect on the maximum extinction ratio achievable and
conf irm the fact that the broadening of the spectrum is compensated by the smaller coupling strength.

3.3. Radiation pattern of the derivated li ght

In ~rder to design the best shape for the higher index surround ing medium, for focusing the deriva—
ted li ght onto a photodetector , we look now to ~he radiation pattern of the derivated light.

For th is  purpose, we use the He—Ne laser with the low order mode. excitation, a 2 meters length of
f ibe r and the gra t ings  wi th  2 me wavelength and 42 nan length. Af ter  the gratings, the fiber passes between
two glass hemispheret df index 1.486 and diameter 35 me, with an index matching paste.

The fiber is black painted on its total length, excepted a small element, 2 nan in length, which is
carefully positioned at the center of the sphere, so that rays are emitted only from this point and are not
deviated at the glass-air interface.

The far-field is then scanned by a photodetector moving on a 160 nan radius circle centered on the
e m i t t ing el eme nt , wi th  an angular resolution of 0.2’.

Fi gure 5 shows a photograph of this far—field , where it is seen that there is a circular symetry
in the emission (the black points correspond to the plane where the hemispheres are not exactly contacting).

Fi gure 6 represents the corresponding f a r — f i e l d  which  shows a strong directivi ty,  as all the light
is emitted between 11.9’ and 14.8’, the angle corresponding to the peak baeirmg 12.6’.

These resul ts will enab le us to design a convenient hig her index medium for refocus ing th is l ight
onto a photodetector.

However, this has not been done yet and the other experiments reported here are always carried out
with the glass hemisphere and the mi rror plate.

3.4. Inf luence  on the propagation characteristics of the fiber

The —ext point to be examined is how the insertion of such a coupler in a transmission link will
effec t its transmission characteristics.

We look first at the modification of the far— field radiation pattern (or power distribution among
the modes) of a fiber, when the coupler is inserted.

Figure 7 shows the far fields at the output of a 2 meter long f iber , with low order modes exc itatIon
(He-Ne) and with all modes excitation (L.E.D. with a cladding mode stripper) : comparisons are made between
the far-field without distortion and with the maximum distortion induced through the 2 rrsn/42 nun gratings.

It is observed that the far-field is strongly broadened when a low order modes excitation is used ,
and much less with the all modes excitation. In fact, the resulting far—field with the distortion are simi-
lar and include both some leaky modes.

As it is generally observed that leaky modes disappear after a few meters of fiber, we can conclude
that introducing this coupler in a practical system with L.E.D. excitation, will  not strong ly affect the
transmission characteristics of the link since the power distribution among the modes is not significantly
altered by the introduction of the coupler. For the same reason, each coupler in a link with several couplers
will be independent of the other ones, and thus introducing or removing one coupler in the link will affect
very slightly the performances of the system.

In order to conf i rm these observations, we now look at the pulse spreading in a 1.2 km long step
index fiber , with a small amount of mode coup ling , excited by a Ga As laser. The pulses are detected by a
hi gh speed avalanche photodiode and observed on a sampli ng oscilloscope ; the measured FWHII of the output
pulse of a 2 meter long fiber (respon se of the measurement system) beeing 300 p..

We use two different launching conditions, either a low order modes excitation by just focusing the
laser beam onto the ~nput plane of the fiber or an all modes exci ta t ion by pressi ng the f i rs t  20 cm of f iber
between sandpaper and elastotner. The 2 nvn/42 me grating s and the glass hem i sphere ar e disposed 1 meter a f t e r
the input m u  of the fiber. Figure 8 (a) shows the output pulse with the low order modes excitation and no
dsforma tto mm , and the FWH1I is 13 n..Figure 8 (b) shows the output pulse with the same launching conditions -j
and the maximum deformation of the fiber , and the FWHM is increased to 18.5 ns. Figure. 8 (c) and 8 (d) show
the output pulses with the all modes excitation and no deformation or the maximum deformation respe ctively
the FWHN change. from 17 ns to 19 ns.

- -~~~~~~~~~~~~~~~~---~~~~~~~~~~~~~~~~~~~~ . -~~~~~~~~~
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We can deduce from these measurements th et the frequency response of a link wi th an L.E.D. excitation
(a l l  modes) w i l l  not be affected by the presence of couplers, but that with a Ga As laser , there mi ght be
an a l t e r a t i o n  of the frequency response when introducing the first coupler. It is also l i k e l y  that intro-
ducing more and more coup ler . in a link will increase the apparent mode caupltng coefficient of th~ f ib e r
and thus inc rease  the bandwidth once a s u f f i c i e n t  number of coup ler. are used.

3. 5. Performances of the coupler

‘ 
Having determined all the impor tant  f ea tu res  wh ich  concern the ac t ion of this coup ler , we have now

to look at the coupling efficiency. For this purpose, we have made several experiments we use the 2 mel
42 me g r a t i n g s  fo l lowed by a g lass hemisphere and a mi r ro r  plate. A large area photodetector L a  disposed at
p or t  3 , in  order to measure the amount of derivated  power. It should be noticed that this arrangement is not
o p timi sed , because the gra t ings  and the glass hemisphere are separated by several cen t ime te r s  alon’~ which
the fiber radiates a si g n i f i c a n t  amount of the l ight coupled to rad ia t ion  modes.

The f i r s t  measurement  is c a r r i ed  out wi th  a 2 meter long step index f i b e r  exc i ted  by the He Ne laser
w i t h  or wi thou t  the sand paper. Fi gure 9 shows the t ransmi t ted  power P / ( P ~ + P~) and the derivated power

* P~ ) as a func t ion  of the amp l i tude  of the deformation d for ~oth low order and al l  modes exc i t a t ions .

Several observations are made

(i) with the low order modes cxci ation , it is possible to extract up to 70 7. of the power travelling
in the fiber , while this value is only 55 7. wi th the all modes excitation. The corresponding values of the
transmitted power are 7 ’,. and 25 7. respectively, about 20 7. of the total power being lost.

( i i )  a -10 dB coupler can .me achieved with an in sert ion loss of 1.1 dB for  the low order modes excita-
t ion and .mf 0. 55 dB for  the al l  modes exc i t a t i on , whi l e  the theore t ica l  l imi t  of the inser t ion  loss is
0.46 dB for a -10 dB coupler.

(iii) an equal power coupler can be achieved with 40 7. or 42 7. of the total  power , at each port , for  the
low order and the a l l  modes exc i t a t ion, respect ively .

The efficiency of this coupler is thus very good, and the amount of derivation can be varied in a
gr eat ra .  ze wi thout  impo m c an t  losses.

Another experiment hae been carried out, using a 2 meter long graded index CCW fiber , with the same
coup ler and a low order modes exc i t a t i on .  The resul t s  are presented on f igure  10 and show that the —10 dB
coupler  is achieved w i t h  an inser t ion  loss of 0. 55 dB and an equal power coup ler wi th 42 7. of the total
power , at each port. These results are very s imi l a r  to those ob t ained  wi th  a step Index f ibe r  and i nd i ca t e
tha t  such a coup ler can also be used w i t h  greded index f i b e r s .

In order to get an evalucit ion of the d i r e c t i v i t y  of th i s  coupler , we re turn to the step index f i b e r
and launch the light through port 2 , towarda port I. W i t h  the maximum deformation app lied to the f i b e r , the
ratio of the power detected at port 3 to the power launched at port 2 is —24 dB , showi ng that  the power de-
tected at port 3 is only function of the power propagating from port I towards port 2.

In that sense, this coupler has a strong directivity but it should be noticed that in practical
systems, the powe r pr o, agat ing In  both d i r ec t i ons  are s i m i l a r l y  a f f ec t ed  by the presence of the grat i ng,
an impor tan t  length of f ibe r  al lowing the leaky and r a d i e t t o n  modee to disappear.  The d i r e c t i v i t y  is b i d i r e c —
t ionnal  because i t  is clear .bat a h ighe r  index medium can be disposed on both sides of the grating.

4. CONCLUSION

We have examined here the optimisation end the performances of a coupler based on deformations in-
duced in the fiber.

An optimum mechanical wavelength, independent of the light wavelength and of the launching conditions,
ha~ been found and i t  has been seen that  the length  of the deformation has little effect in the range I to
5 cm.

The li ght emi t ted  by the fiber at the tap can be eas i ly focused onto a photodetector and a def ini-
t ive coup ler can be molded in clear epoxy resin in order to enhance the efficiency ot the device.

The in f l uenc e of the coup ler on the transmission ..haracteristics of a practical L.E.D. step index
fiber system is neglig ible and successive couplers will be independent one from the others. The performances
(derivation ratio, insertion loss) of the coupler are very good and will probably improve in the definitive
version of the coupler.

This work is carried out with the financial assistance of Delegation G~n~rale C Is Recherche
Scientifique ci Techni que. -

— —-——-—— - — - - ________________
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DATA BUS SYSTEM WITH SINGLE MULTIMODE FIBERS

F. Auracher, H.-H. Witte
SIEMENS AG

Research Laboratories
D—8000 Munich 70

Germany

SUMMARY

We report on the concept of a single fiber data bus-system in T-structure based
on a new access coupler which is easy to fabricate and has a low insertion loss. We also
calculate the maximum possible number of terminals that can be supplied with an optimized
system.

1. INTRODUCTION

Fiber optics technology offers much promise for data communication systems.
Advantages of optical fibers over conventional transmission lir.es are lack of electro—
maanetic interference and ground loop problems, high bandwidth as well as flexibility,
small size and weight. Special requirements of mi l i t a ry  data transmission lines are of ten
small volume and weight , flexibility and electromagnetic isolation of the terminals.
Lately  the concept of the data bus system , where many spatially distributed terminals are
served wi th  the same multiplexed signal , has become very important. The two principa l
approaches to optical data bus systems are the Star- and the T-system using fiber bundles
containing a large number of fibers for data transmission (Andrews , R . A .  et a l . ,  1973;
Hudson , U.C. et al., 1974; Taylor , H . F .  et a l . ,  1975; Mi l ton ,  A. F. et a l . ,  1 9 7 6 ) .  Such
f iber  bundles require great f iber  lengths and are rather s t i f f .  In addition , scrambler
rods (mixers) are needed as part of the coupler. The coupling losses at the interface
buna le-mixer rod and also in the fiber bundle connectors are very high. In the star system
only a s ingle  mixer  is necessary ,  so that the associated loss is by fa r not as high ag in
the T—system , where each of the terminals  requires  mixers  and where a l l  inser t ion losses
add up along the transmission line for the worst case signal pa th .  Another prac t i ca l ly
unsolved problem is the fabrication of connectors (splices) which ensure the alignment of
the ind iv idua l  f ibers of the fiber bundle.

We propose a data bus T-system with a single multimode fiber as a transmission
l i ne .  Such a system does not require mixers and there are also low—loss connectors avail-
able. Fig. 1 shows an unidirectional data bus T-system (a second identical system would be
necessary for the opposite signal direction). We also describe a new coupler suitable for
single-fiber data bus systems. This access coupler has comparatively low insert ion loss
and is very easy to fabricate. Fig. 2 shows a schematic drawing of our new access coupler .
In the access coupler f i be r s  1 and 2 of the main t ransmiss ion line are but t  joined wi th  a
small lateral off-set. Light can be coupled out or in at the butt joint via the curved
waveguides 3’ and 4 ’, respectively. The insertion loss and the out (in) coupling efficien-
cies depend , of course , on the lateral off—set of the main fibers as well as on the thick-
ness of the fiber cladding.

With a fiber of 100 ~m o.d. and 5 iia~ cladding thickness we have actually measuredan insertion loss of about 25 % to 30 % (1—1 ,5 dB) with a lateral off—set of 15 uin to
20 ~m which is within a few percent of the theoretica l value (Witte, H.—H., 1976). Typical
fractions of the power coupled out for this range of lateral off-set were of the order of
several percen t .

The fabrication of our coupler is very simple, it is based on a thick-film planar
technology using a standard photolithographic process (Auracher , F., 1976). Fig . 3 briefly
shows the fabrication steps. A sheet of light sensitive material of about the thickness of
the fiber is laminated onto a fused quartz substrate; then it is exposed through a suit-
able mask and developed thereafter . Thus we obtain in a single photolithographic step the
alignment grooves of the fibers as well as the plastic waveguides. Moreover, the planar
process assures the required reproducible tight alignment tolerances. Fig. 4 shows a fabri-
cated device (in this particular device no in-coupling waveguide 4 ’  was provided).

In order to find out the limitations of a data bus system based on our access
coupler we have calculated the number of terminals N for different values of light power
coupled into the fiber and for different sensitivity limits of photo—detectors. We give
th. results for the case of an optimized data-bus system where the coupling factors of the
T—couplers vary along the main trunk line and for comparison , also for a T-bus system con-
sisting of identical T-couplers. If the mode spectra of fibers 1 and 4 and waveguides 3’
and 4’ (see Fig. 2) are identical, then the efficiencies for coupling out and coupling in
are identical, too , because of reciprocity. Assuming that waveguides 3’ and 4’  have a
thickness equal to the core diameter plus one cladding thickness and that they have a
singl, curved boundary which is perpendicular to the substrate surface we find for the
transmission frost waveguide 1 to waveguide 2 in %
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~ 00 ~~° &~ where

13—2 arccos ~,t2 ç)  , with £. being the lateral off—set of the main fibers 1 and 2 and Tj
the core ra d iu s .  Simi l a r l y ,  we find for the transmission from waveguide 1 to 3’ in %

400 ~S O  where

&—2 arccos~r1-i~4r~)and W= (-d’, with g being the thipkn~ps oj the cladding (s€~e Fig. 2).In Fig . 5 we show a~ an example the calculated values of 7~ , , and the total loss L
def ined by L — 1— ( T~ + 1~ . )  for T1 ~ 45 jim as a function of~ . The t~tal transmission~ from waveguide 1 to 3 is lower than the above calculated value for 7~ . , due to
absorption, radiation and scattering losses in the curved plastic waveguide 3’ (see Pig.2).
We have also calculated the radiation loss~ s for our curved single boundary waveguide and
found tha t  they should lie below 0,5 dB if (W111 /R)~C0.006, where W4~ is the e f fec tive width
of the curved wavegu ide 3 ’ given by W.gg = R- (~ -w)cos y , with  R being the radius of cur-
vature and the maximum ray angle with respect to the fiber axis. There are also addi-
tional losses at the butt joint between the fibers and the plastic waveguides. We take
these additional 3osses into account by subtracting a value of 1.6 dB fr-m the transmission
in dB T~3 - a 10 lg 7~ . , i.e. 7~ = 7 , y —  1 .6 dB. Neglecting the transmission losses of the
fiber itself (the fiber lengths in data bus systems are usually small and one can use
low—loss fibers in single fiber data—bus systems) we can calculate now the optimized
parameters for the data bus system shown in Fig. 1. For ease of calculation we introduce
the following normalized variables:

source-power level coupled into fiber in dBm
minimum required power level at detector in dBm

power level in main line between coupler (n-i) and n in dBm
I”)

power level delivered to detector n in dBm
T”1 ot.,.1) r,(,,)
‘~~ r - r , which includes twice the connector

I -r(”) Is)

7~1II ) ~~~~~~~ 0 . 2  dB each , i .e .  1-r 7~ - 2 L ~
= I,,, f~ - f ~ , which includes again twice the connector—7— I,,) I~ ) Is)
loss 0 . 2  dB, i .e .  ~~~ T.. = T~ -2 L~

St~~~t i~ g with the last element in the direction of the signal flow we req u ire (Fig. 1)
= ? ‘..e . We f in d from Fig. 1

p = ~~~~~~~ +L~ ( 1 )

Going back from the last element we find with the above definitions
D(.’) r~L.s.4) (a)r — f l  — 7 ; (2 )

Requiring again that the 0
th detector also obtains at least P,5~, for all signal sources

lying to the l e f t  of the ~th element, we find from Fig. 1

— —

From (2) and (3) we obtain

= ~~~.,. ~ 7~
a~

)
~ pt

~
l1 

( a )

Replacing n by (n+1) in (3) we can rewrite (4)

T.~ 
~~7~ s) 

T ’
~

’1 (5)

where 7,~
144)_ 

~

With the aid of the equation (3) and L1
~ 

t)~e initial value 7:., — - L ~ follows .
Thus we can spccessively determine from (5) T,,, - i ~~ . Having calculated 7~ as a
function of T,’, for our element we can determin~ 7~~ and 7!”~ uni quely. As we move to the
left in Fig. 1 we find ever smaller values for T.~~ 

. This means the required off—set ,of
the main fibers becomes amalle~ 1 for 1~~ecreasii g n and consequently the transmission2 ” of
the coupler higher . Because T~~

’ — T.., thk. implies also ever smaller values for 7~, , i.e.
1J an ever smaller part of the source power ~ is coupled into the main line for decreasing

n . The above showr~ recursive calculation (eq. 5) can therefore only be continued until the
pgy~r ~~yel P~ +T.:’ coupled into the main line from the ~th source becomes smaller than

+ I, coin ing from the left. From this point on we have to replace (3) by

_ _  

_ 
_ _ _ _ _ _ _

L
- — ---- - -=—-- - _ _ _ _ _ _ _ _ _ _ _
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~, 7~O~
) p (s, i)

—r (’’1 / ~s) dv.s) (,s
~11and 1,,. (7~ , )  increases1 ~en jpj41decreasing n. One can then show that ,,.~ = 7~~.e

and , consequently, also T~ = I.,. i.e. all elements1 ~re symmetric with respect to the
above mentioned point. In order to limit variations of 7.., due to m a n u f a c t u r i n g  tolerances
in £ to reasonable values (we can guarantee a reproducible off-set to within * 1 jim at
best), we restricted the excited width of the curved plastic waveguide to W24 jim.

A typ ical result of our calculations is shown in Fig . 6 assuming ‘
~~~ — 45 j im and

a cladding thickness £~ of 5 jim. The figure shows the required off—set £ as a function
of the terminal-address number n for various combinations of input power and detector
sensitivity . To obtain the maximum possible number of terminals that can be supplied in
the data bus system one has to add 1 to the highest address number in Fig. 6 for the
particular input power chosen. One can see that £ varies rapidly for the first and last
few elements in the data—bus system whereas it is limited to 9 j im (W — 4 j im) for all
term inals  tha t  lie about h a l f w a y  along the main t ransmission l ine .  It is only necessary
to op t i m i z e  the first and last 3—5 couplers , all the other couplers can be made ident ica l
without decreasing the maximum number of terminals considerably. This is very important
because one of the main advantages of a data-bus system in T-structure, namely the ease
with which an existing T-system can be expanded , depends heavily on the use of many iden-
tical couplers.

In Fig . 7 we show the maximum number of t e r m i n al,~ as a func tion of the ava ilable
difference in power level between source and detector , i

~ 
— P,. ~,,, , for three dif f e r e nt

th icknesses  ~ of the cladding for an optimized system (full lines). For comparison
we also show in F ig .  7 the maximum number of terminals for the same parameters when only
identical couplers are used exclusively (dashed lines). One can see the considerable
increase in the number of t e r m i n a l s  in the case of the optimized system as compared to a
system wi th  identical T-couplers.

We have shown tha t  w i t h  an optimized T-bus system based on a new p lanar  coupler
and a single  multiniode f iber  for each signal d i rec t ion  one can supply a reasonable number
of terminals. Moreover , one could install several such systems in parallel increasing the
number of terminals  and the safe ty  against  f a i l u r e  due to a cable f r acture , especially
when the i n d i v i d u a l  cables are guided along d i f f e r e n t  cable ducts and are only combined
at the terminals.

This  work has been supported under the Technological Program of the Federal Department
of Research and Technology of the FRG . The au tho r s  alone are responsible for the contents.
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AN OPTICAL FIBRE , MULTI-TE RMINAL DATA SYSTE M FOR AIRCRAFF

J.C. Farrington
H. Chown -

Standard Teleconinunicat ion Laboratories Limited
London Road , Harlow , Essex , CM 17 9NA , England

SUMMARY

As a result of a study on the potential of optical fibre multi—ter m inal data systems for
avionics, a design approach has been chosen which is expected to be a s u i t a b l e  basis for  a wide range
of applicat ions. This is a time division multiplexing system, which has features of being highly iimnune
to problems of optical  loss and mul t ipsth effects in optical highways having redundan t paths , and of
avoiding the need for any master te rminal .  This system approach is taylored to characteristics of
optical fibres , and should lead to good integrity and ruggedness.

Abreadboard model of a terminal has been demonstrated , and the construction of functional
models is currently underway.

1. INTRODUCTION

It is becoming widely accepted that  optical f i b r e  data t r ansmiss ion  wil l  f i n d  appl ica t ions  in
avionics because of its electrical isolation , wide bandwidth and iimnunity to crosstalk and RFI. The
principle has already been proved and advantages demonstrated for avionics applications in point—to—
point links, much of this preliminary work having been carried out with fibre bundles. (Beicher , C.,
Marshall , P., 1975) (Biard , J.R. , 1975).

There are even more potential advantages for multi—terminal optical highway or data bus
systems , since the problems for a corresponding electrical system would be greater than for point—to—
point links. (Altman, D.E., 1975).

A study on optical fibre multi—terminal systems for avionic appl ications is currently under-
way at STL (Farrington , J.G., Chown , H., Dalgoutte , D.C. 1976), and is supported by DRASA (MoD). One a m
of the study is to produce an initial demonstration (functional model) of a system based on principles
which may be expected to have wide avionic applications. This paper describes design principles of the
demonstration system which is currently under construction .

The extreme complexity and variety of avionic data links is making it necessary for the
industry to undertake long—term rationalization programees. These should help clarify and perhaps
s t anda rd i ze  requirements for data bus systems (el~ c t r i ca l  or o p t i c a l ) .  In the meantime , there is no clear
choice of requiremen t specification s against which a demonstration optical bus system should be designed.
Whereas there are immediate applica tions for optical point—to—point links to replace existing electrical
links , there is currently little use of electrical highways in avionics , so there are no immediate
requirements for replacing wire systems by multi—terminal optical systems.

In the longer term , there appears to be definite and widespread applications for optical
highways . For example , telemetry, disp lay systems , or Stores management could be suitable choices for
first applications. The Flight Control system is an example which would have to wait until the high
integrity and reliability of fibre systems had been thoroughly proved in practice.

The key optical components — tee pieces , star couplers , etc — are at an early stage of
development , so a system cannot be f u l l y  optimized in terms of these components.

While it is thus too early to attemp t to optimize a rmilti—terminal system for any particular
applicat ion, it is nevertheless vital to start experimental  work on mu lt i—t er na : ns l  systems at th is  stage.
This wi l l  ensure that  the pos s ib i l i t i es  of the new technology are included in the long—term data
management plans. Otherwise , a framework set up on the basis of conventional technology, with fibre
systems designed to fit in at a later stage, would fail to make f u l l  use f the potential.

The other reason for undertaking immediate experimental work is to help direct the development
of key optical  components such as tee pieces and star couplers. In addition to using fibre systems to
meet conventional requirements more efficiently, there must be new opportunities which would not be
considered for electrical systems . Direct optical sensoring, without electrical interfaces , is a possible
example.

The system approach to be described in which any number of terminals up to a given max imum (ten
in our exasple) w i t h  no requirement  fo r  a master terminal , and with great flexibility for the system
desi gner to arrange redundan cy ,  self—checking etc. , is likely to be widely applicable. (It can even be
used for point—to—point tests , s imply by connecting any two terminals). No clear preferred optical
hi ghway configuration emerged , and so initial experimental systems should a l low this to be flexible.

The system Is designed to be compatible rIot only  w i t h  a “star” configuration optical harness
which in well behaved from the point of view of the terminals , bu t with alr ’st any comp lex highway
configuration which may have advan tages of considerable redundancy and be adaptable to constraints on
layout, maintenance etc. Such complex highways may be prone to optical echo pulses and other problems
outlined in Section 7 below.

It is important to emphasise th a t  the t e r m i n a l  des ign o u t l i n e d  here is considerably more complex
than Is envisaged in a typ ical system . The reason Is that t h i s  is an exper imenta l  system , not an
optimized communication link for a particular application , and many of the facilities can be implemented
or switched out at will , In order to gain experience.
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2. GENERAL MULTI-TE RM INAL DESIGN

The c h o i c e  of m u l t i p le x i n g  t e c h n i q u e  depends on the  c a p a bi l i t i e s  and l i m it a t i o n s  of t he
t r a n sm i s s i o n  med ium , and on the use t h a t  is to be made of the  entire system. For an optical fibre
several alternat ives exist and several possible solutions are listed below:

~~ I. Time division multip lexing, TDM, where each transmitter in turn has sole use of the optical
highway.

2. Frequency division multiplexing, PPM, where each transmi tter uses an optical  source , amplitude
modulated at a different frequency. This carrier can be amplitude or frequency modulated with
information. The total received signal is filtered electricall y.

Pulse frequency modulation is a version of FDM where a train of short pulses is used instead of the
carrier signal.

3. Colour multip lexing — each transmitter uses a different wavelength source, and filters at the
photodiodes separate the signals.

These solutions fall into two broad groups: a) those that are most suitable for replacing
point—to—point links , because they require duplication of receiving and decoding equipment to receive
from more than one other terminal and b) those suited to random data interchange between the terminals.

The fo rmer group includes all systems except TDM as it will always be necessary to use
duplicated receiving equipment if at any one t ime more than one transmitter can be sending to the same
terminal. Of these systems PPM would appear to be most suitable for development using existing
compon en t s .  The technology of FDM is well developed for other fields , e.g. telecommunications , and
systems can be made small and reliable.

The wide bandwidths offered by the optical f ibre  would make them particularly suitable for
this type of approach. The independence of the data paths would make this an ideal solution to problems
requiring the replacement of many point—to—point links between existing equipment. It should be
possible to produce very small , simple terminals for this system as very lit tle circuitry is needed .

Where data transfer is required between any pair of terminals the most suitable choice would
seem to be a TDM system with only a single transmitter active at any one time. A single receiver will
then be able to receive messages from all other terminals. To select destinations, an address can be
included in the message , and the receiver itself can decide whether to accept or reject the message that
follows.

It was decided that  the latter approach was most suitable for development and so the TDM system
wil l  now be d iscussed in more detail.

3. THE TF)M SYSTEM

3.1 Synchronisa t ion.

For a TUM system where only one transmitter is allowed to send information at any one t ime , the
timing arrangements are of crucial importance. The most straightforward timing arrangement is to use a
master terminal , where a single master unit has responsibility for absolute timing, and sends whatever
information is needed to the other terminals to maintain the synchronisation of the system. In the
extreme, the master terminal can make all decisions about timing and send a short message to each terminal
in turn to start its transmission. This approach can give a very flexible system, where time can be
allocated by the master terminal in a way that varies with the amount of information needing transfer ,
and this leads to very efficient use of the data bus. Unfortunately this arrangement gives a single
vulnerable point in the master terminal where damage or a fault can disrupt the whole system. This
situation can be improved by having several terminals, ready to take over from the master if it should
fail. This needs a system of priorities to define which terminal will take over first , and involves many
problems in deciding whether the first unit has failed or not. To avoid this situation it is preferable
that there should be no master terminal , and to achieve this each terminal must do its own t iming and
some means must be found to keep all the terminals in synchronism. One possible means of achieving
this is described in Section 4 of this paper.

One consequence of this is that the data transmission capacity of the terminals must be
predetermined , and cannot easily be changed to meet different network loadings. This approach is
acceptable for a fibre optic network as the high bandwidth available means that excess data capacity can
be made available at low cost.

3.2 Coding.

The choice of coding in an optical system can considerably effect the rest of the design . For
example the choice of a PPM code would enable a low duty cycle optical source to be used , or a code with
no low frequency content allows an AC coupled receiver, Because of the rapid changes of signal level
expected at a receiver , i t is desirable tha t the chosen code should allow fast AGC to be applied. Another
requirements is that the data clock can be easily extracted from the data , preferably without the use of
a phase locked loop. This is necessary because each received message will be at a different phase due to
the different path lengths involved . A short preamble can be included on each message to allow the receiver
decoder to settle down , but If this is too long then the system becomes very inefficient.

The most appropriate code would seem to be bi—ph ase (Manchester) (see Fig. I) as this offers
several advantages. There is a data transition at the centre of every clock interva l which makes clock
ex t r a c t i o n  easy, i t  only bei ng necessary to t ime from one cycle to the next with a delay element such as
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a monostable. The bi— phase code is also arranged to have very little low frequency content , whatever the
data being sent . This occurs because the cod e has a constant average value for ones and noughts. This
allows fast AGC and AC coupled receivers to be used .

This code is most ideally suited to bipolar appoicat lons where differential signalling is
employed. Unfortunately this is not possible with a sing le optical fibre , and so a unipolar version must
be used. This has the disadvantage of needing a threshold shift If the signal strength changes , also
shown in Fig. 1, and ways of overcoming this difficulty will be discussed in Section 4.

4. THE ADOPTED SYSTE M DESIGN

4.1 General Principle.

A time division multiplex approach has been chosen where each transmitter in turn has complete
use of the optical highway, fo r  a burst period. See. Fig. 2. It sends a fixed length message In that
period , complete with an audress code to s p e c i f y  the ter minal that is to receive it. The transmitters
send in strict rotat ion, and if a terminal  is inopera t ive , or if no information is available for sending,
then that period is either left empty or a duniny message is sen t.  Each terminal contains it. own clock
oscillator and divider chain which provides all the t iming information wit~aln the terminal. These -
clocks must be kept approximately in step so that the transmission periods do not overlap. This can be
achieved if each transmitted message contains the address of the sending terminal. This can be received
by all other units and used to correct sma’l timing errors that have developed . Special attention should
be given to the problems of synchronisation from switch—on and to the effects of a s ingle  f a u l t y  terminal .

Si—phase coding has been adopted as this offers several advantages. With this code there is
a data transition at the centre of each clock interval , and the direction of t h i s  t r ans i t i on  (low to h igh
or high to low) defines whether a I jr 0 is being sent. (See Fig. 1). The advantages of the code are
described in Section 3.2, but briefly it allows the use of an AC coupled receiver , rapid AGC and simple
clock extraction circuitry.

4.2 Terminal Design.

The block diagram of a terminal design that is being developed is shown in Fig. 3. It
consists of three main sections. The receiver , transmitter and timing.

4.2.1 The Receiver.

The optical signal is detected by a photodiode and the signal is then amplified. For bi—phase
signals the amp lifier can be AC coupled and l imiting, so reducing the amount of AGC necessary in
following circuitry. This amplifier can be disabled during the terminals own transmission period if
this is desirable. This received signal is decoded from bi—phase and then fed via a serial — rarallel
converter to two comparatom-~. These act as word recognition circuits and detect the transmitter address
and receiver address in the message . These addresses are protected by redundancy so that they are not
f a l s e l y  decoded f r o m  data  or each other .

When a comparator recognises the terminals own address in the received message the fo l lowing
data is gated into the terminals store for output  to the external equipment .

4.2.2 The Transmitter.

Data to be t ransmi t ted  is clocked to the transmission store by the external equipment. During
the transmission burst period , defined by the timing circuit , the data is clocked out of the store, and
t r a n s m i t t e d  as a bi—phase signal at a data rate fixed by the terminal clock. Before the actual data
certain service data is inserted into this message. This service data consists of:

I. A preamble to enable the received decoder and ACC to settle.

2. An address code for the transmitting terminal for checking and timing purposes.

3. The address of the terminal to receive the message. This part may be prese t , or may be
part of the input data.

The optical transmitter must handle the 501 duty  cycle bi—phase signal , and so a high duty
cycle source must be used.

4.2.3 Thy Timing Section .

The timing for the terminal is carried out by a crystal clock oscillator and divider chain.
The various waveforms needed in the terminal such as the transmission burst period can be derived from
this divider chain by simple gating.

Every t ime a transmitter address is received by the word recognition circuit , hia is compared
with the divider chain and the difference used to correct errors that may exist due to signal delays or
clock oscillator differences.

Large discrepancies may occur at switch—on before all the terminals have reached synchronism or
if a terminal develops a fault in its timing system and both of these possibilities should be catered for.
To do this a type of majority vot ing has been used. If large errors are consistently detected between
the Internal clock and th. received transmitter addresses , the termIn.a~s transmitter is disabled .

4.3 DynamIc Range.

An Important parameter b r  a receiver in a system such as this , Is the dynamic range that can
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be tolerated from one message to the next .

The received bi—phase signal has a DC component that is proportional to the average received
power, and in a simple receiver this will be removed by the AC coupling before the signal is passed to
the level detector. See Fig. 4. This process will l imit the dynamic range as the recovery after a
large signal is exponent ial. The time available for recovery is l imi ted  to the  intermessage gap and the
preamble before each message, and if these are lengthened a greater change in message amplitude can be
tolerated. For an intermessage gap of 10 bit periods , a dynamic range of greater than 40 dBs can be
expected.

The capacity to tolerate a large dynamic range for received massages would only be needed for
certain optical harness configurations. If necessary these configurations could be avoided in practice;
however, more flexible and redundant harnesses should be possible if they are allowed.

4. -~ Data Input and Output.

Data for transmission is supplied from external equipment and stored in a bi.~ffer store unti l
the transmission burst period. Only if there is a complete message in the store is the transmission
made. For synchronisation purposes, however, it is still necessary to send the service data , perhaps
with a duiemmy receiver address. The true data section of the massage can be left blank.

The receiver address to which data is to be sent may be preset or may be taken as the first
word of the input data. This would allow the external equipment to select the destination of the message.

Received data may also be stored in a buffer store to allow the external equipment to take
the information whenever it is ready. Unfortunately the t e rminal  has no control over when data is going
tc’ be received and so no action can be taken to prevent store overflow . For this reason it may be
preferable to output received data as it arrives.

4.5 Fault Protection.

The multi—terminal system as described is very flexible , and various self checking features could
be built Into the terminals. The timing section as described in Section 4.2.3 ensures that a terminal
with a faulty clock divider will shut down its own transmi tter as it will continually find large errors
between its own clock and the other terminals. This is probably the most serious type of fault that
could occur as it might result in transmission at incorrect intervals , so corrupting other terminals
data.

Another form of protection is the maximum transmission time limit. The period that the trans-
mitter is active for should never exceed a certain limit. This can be t imed independen t ly ,  and if the
limit is exceeded the transmitter can be shut down.

Parity checking is incorporated Into the system by inserting one parity bit after every 16 bits
of data. This is checked by the receiver so that a message with a parity faul t can be rejected.

Message confirmation could be incorporated to provide protection against random errors. This
could take the form of an added service data section in which a terminal can acknowledge receipt of
messages in the last frame . If receipt was not acknowledged the massage could be retransmitted by the
sending terminal. A suitable code for this is suggested as a ten bit word (for ten terminals in the system).
All bits would normally be zero with one bit in the sequence to represent each terminal. This bit would
be one to ind ie ate that a parity correct me-usage had been received from that terminal in the la~- t frame.
Altern at ively th i s type of message checking can be built into the external equipment as it may only be
required over limited paths.

A more general  checking system could consist  of a special purpose terminal which monitors all
informat ion  on the bus . By checking for parity correct messages , and correct transmitter sequence, etc.,
it should be possible for the monitor to isolate faulty terminals. The monitor could then be given the
power to shut down faelty units. If this was implemented , care would have to be taken that the overall
reliability was not reduced as faults in the monitor could result in operating terminals being shut down.

4.h Computer Simulation .

To investigate the behaviour of the system under various start up and fault conditions , a
computer s imula t ion  has been developed . The s imula t ion  works on an event stepping basis , which leads
to e f f i c i e n t  use of computer time . The simulation program allows the systems behaviour to be predicted
starting from any set of Initial condition.. It is hoped that by careful choice of initial conditions.
worst case situat ions can be found.

A simple system model has been assumed initially with sufficient flexibility for the simulation
of areas of Interest to be expended in more detail in the future. For example , the initial system
assumes a simple uni dlrect ional ring harness, with uniform attenuation properties.

5. TRADE-OFFS IN DATA FORMAT PARAMETERS

Consider the data forma t described above and shown in Fig. 2. The peak bit _rate , Bm~ which is
requIred to be carried by the optical f ibre depends pr imar i ly  on the mean data rate , B, per terminal, and
on th. maximum nu.ber of terminals to be accommodated , N. Ideally, B — ME , but in practice B will be
higher because there are periods where useful data c annot be sent . T~ ese consis t  of the interLrst gap
periods, and the period s where service data is being sent .

7 A further increase In B~ wil l  occur when redundancy is buil t into the message , but thIs is
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ccmsider .d to depend on the user and will not be considered here.

The significance of these periods is clearly reduced as the message length in each burst  Is
increased, but this requires increased data storage capacity, and increases the update period f or egch
terminal.

These trade—offs will be considered in broad outline here. Define:

To interburst gap period which depends on maximum f ibre  len gt h

a number of bits of service data per burst period

N number of message data per burst period

T frame period — update period for each terminal

Then , considering the uniform data output of any one terminsl:

...(l)

Alternatively, by summing the elements of a frame:

T — N + f. -e To
) 

...(2)

Eliminat ing T , we have

— I a!!1. I ...(3)
N 

~ l -~~~B T o
A plot of this function for some typical parameters is shown in Fig. 5.

For the experimental model, we chose N — 128 , n — 52 , 3 — 100 kbi t /s , M — 10 and To — 8 us.

Equat ion (3) leads to

B5 
— 1.406 x 1.071 514

- 1.50 114

• 1. 50 Mbit/s .

The factor of 1.071 occurs because To is much larger than it need be in an optimized system.
For example , in order to tolerate an optical delay in 200 metres of ftbre the gap period need only be 1 us.
and the factor on the RIIS of Eqn (3) would only be 1.004 . Except for much larger systems than this, or
when the burst length N is reduced , this factor can be neglected and Eqn . (3) approximated by

(4)
114 ~

This represents simply the ratio of total to useful massage data.

The frame period I is also the update period for each terminal, and represents a message delay
between any two terminals. In the experimental model, 1’ — 1.28 ma from Eqn. (1). This can be reduced
if a lower value of N is chosen , at the expense of requiring a higher peak bit rate B5. A reasonable
alternative design for 14—10 and B 100 kblt/s would be n — 32, N — 16, To — 1 us, which leads to a frame
period of T — 160 us  and peak bit rate of 3.2 MB — 3.2 Mb lt / s .

6, ELECT~~l-0PTIC COMPONENT S

Several types of photodetectors and optical sources are available which are suitable for this
application , and the chief advantages and disadvantages of some of these will be discussed here.

6.1 Sources.

The requiremen t for duty cycles of up to 502 to transmit bi—phase signals means that only a
device capable of continuous operation Is really suitable. These fall into two major groups: light

~~ttting diodes and CW double heterostructure lasers.

These in general show marked differences in optical power outputs when small  core low loss
transmission fibt~ s are used . It is normally the case that the greater launched power the higher the loss
that can be accepted in the optical highway , and so In general higher powers are preferable.

As well as -he power output differences between the LED and the lasers , there are important
dlfterencei In driving techniques . The laser has a current threshold , below which it only emits a low
level of spontaneously generated light. Above threshold the Incremental efficiency can be very high and
feedback Is normally needed to stabi lise the operating point .

Cw stripe geome try lasers can be damaged by excess light levels , and this means that the peak
lIght output must be closely controlled , even under transient condition s, such as switch—on . This increase
in complexity needs to be traded against the improved performance offered by these devices .
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6.2 Detectors.

Ther e are two main classes of solid state photodetector currently available: the PIN photodiode
and the avalanche photodiode. the avalanche device utilises internal multiplication to give low noise
amp lification and this should lead to a significantly more sensitive receiver. Unfortunately avalanche
devices require accurate control of bias voltages for stable operation , and this would probably lead to
the need for some type of feedback bias circuit especially for  wide temperature range operat ion. Again
this increase in circuit complexity must be traded against the Improved performance.

7. THE OPTICAl. HIGHWAY

7.1 Optical Highway Confi guration .

The multiple access fibre optical data highway considered here is an optical in terconnect ion
network in which an optical signal injected to any access point appears at all other access points.
Therefore, no optical switching is necessary.

Two well known configurations for such a highway are the star or ring systems, illustrated
respectively in Figs. 6 and 7. The relative merits of these are well documented (Hudson, M.C., Thiel ,F.L.
1974). Briefly, the star system has the advantages to the system designer of low optical loss, freedom
from echo pulses and can easily be designed to give loss and delay which is the same for  all pairs  of
terminals. The restrictions on configuration, and the vulnerability to the star component itself are,
however, unacceptable for some applications. The ring system suffers from high and variable loss,
variable delays and echoes, but the configuration itself is sometimes preferable , especially if access
points can be added at will.

More complex configurations , which can be thought of as hybrids t etween the ring and the star
can readily be conceived to avoid the very high loss of ring systems or the vulnerability and inflexibility
of the star configuration . (Porter, D.R., Reese, I.R., 1976).

A hypothetical configuration is shown in Fig. 2,which combines several concepts for illustration.
It shows that a hybrid can consist of a ring of star subgroups or the reverse, and it also shows how two—
or three—way fibre mlxera can be used as couplers for ring configuration. The use of ext ra  op t ica l
paths is illustrated which provides redundancy and greatly reduces the loss between the most distant
terminals. There are considerable opportunities for tailoring the configuration to meet constraints on
layou t , installation and redundancy to suit the particular requirements but only i f  the terminals  are
well able to tolerate a wide range of optical loss, delay and echo pulses. These considerations have
guided the te rminal design described above.

Flexible , redundant highway configurations of this sort can clearly be developed round either
access couplers (tee pieces) or star couplers (which may be of the transmission type). While it will
naturally be desirable to have a wide range of components to choose from, one of the most useful devices
for initial work for the system described here is a simple two or three—way transmission star mixer.

7.2 Coupling Devices.

Figure 9 shows an idealized three point tee—piece (Y—junct ion) used for combining or dividing
optical power. This representation indicates a wastage of optical power, and it may be thought that this
could be avoided by suitable design . Under conditions of a uniform transmission fibre whose numerical
aperture is always filled , however, such an improvement ia not available , and the loss is fundamental.
This is simple to prove by considering optical sources of the same brightness completely filling ports
A and 5. If the loss indicated did not occur , the power at C would be greater than that  at A , which
would mean a greater brightness at C than at either A or B , contradicting the Law of Brightness (a
corollary of the Second Law of Thermodynamics). The device shown can obviously be used as a divider or
combiner , and the foregoing has shown that ideally the transmission loss between A and C is the same for
a combiner as for a divider. 

-

The four—port devices indicated in Pigs. 10 and 11 are applicable for transmit/receive access
points, and in effect make use of the otherwise wasted power referred to above. Mixing devices (Fig.12)
can either be used as star couplers (e.g. in Fig. 6) or can rep lace access coup lgrs in bus or ring
configurations.

A number of approaches to realizing these devices for single—strand multimode fibre are being
pursued. One is to bring two or more fibres in close proximity with cladding removed , and an index
match ing material applied . An alternative to removing the cladding is to taper the f i b r e s  and place
together in the presence of a high Index medium . Either approach requires means of supporting the fibres,
and providing a low loss connection to the transmission fibre , unless the transmission fibre itself is
to form part of the coupler.

Another approach La to use planar optics techniques , in which planar waveguldes are formed in
a substrate. Photolithography can be used to define the transverse dimensions . Many techniques are
being developed , including Ion exchange in glasses. Coupling between fibre and waveguide requires close
att ention.

Expand ed Seam Techniques offer an alternative coupler approach to the waveguide approaches
described in the previous paragraphs. Built—on lenses or tapers at each fibre termination , designed to
expand and collimate the optical—beam , are a possible mean s for demountable coupling between two fibres.
The lateral alignment of the two terminations is less critical than in a straight butt joint because of
the larger diameter of the collimated beams .

If expanded beam terminat ions are available , they should ease the task of developing tee—pieces.
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For example , four collimat ing fibre— terminations could be offered to a beam—splitting cube , with the
coupling rat io controlled by the reflection coefficient of the beam—splitter. In principle this device
would h~- equivalent to the four port of Fig. 10.

8. THE BREADBOARD PI)DEL

A breadboard model of a single terminal has been constructed , and based on the satisfactory
results with this model , construction of several functional models is now underway. The model uses
T~L technology and the general des ign is on the lines described above, and the basic parameters are :

Number of terminals - 10

Baud rate of transmission — 1.5 Mbit/s

Transmission data rate
per terminal - 100 k b it / s

It has been found possible to demonstrate the correct functioning of almost all parts of the
circ u it i n spite of the fact that only a single terminal is available. This is because of the basic
Independence of the receiver and transmitter sections of the terminal , so the transmitter can be
optically connected to the receiver . By arranging for the transmitter to address data to its own
r eceive r , the -orrect funct ioning of the address recognition circuits, pari ty checkers, stores , etc.,
were demonstrated.

In order to demonstrate the wide dynamic range of the receiver a separate experiment was
carried out in which two simple bi—phase optical transmitters are alternated and the combined signal fed
to a single r -ceiver. With different attenuations in the paths from the two transmitters , large and
rapid changes in signa l amplitude were simulated.

These experiments  do not deal with the synchronisation behaviour of the whole network , and for
this the computer simulat ion is used. Results so far indicate that rapid synchronisation can be
expected f rom random start conditions.

9. CONCLUSIONS

It seems certain that future aircraft systems will make use of multi—terminal optical highways.
To make the best use of the Optical fibres , data bus systems should be designed to take advantage of
the particular opportunities offered , and this will not be the case if networks are designed for
electrical and then converted to optical.

The system described hers has proved to be a very flexible approach, easily modi f i ed  to f i t a
wide range of applicat ions. It should be insensitive to optical harness imperfections, and so should be
suitable for use with a wide range of harness configurations , including hybrid star/ring combinations.
The system should also be tolerant of limited fault conditions within the terminals, the remaining
port ion of the network continuing to function.
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Fig.6 Multi-terminal optical dati system — star
An example of an optical fibre highway configuration.

Each opt ical transmitter sends to all terminals simultaneously.
In this star configuration loss and delay may be equalized. —
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Terminals include
optical transmitters
and receivers

Two-way ring
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Fig.7 Multiterminal optical data system — - ring
Each transmitter sends to all terminals simultaneously, but loss and delay between

pairs of terminals will vary considerably. Also, multiple echos will be present.
Optical terminals are being designed to tolerate this , to reduce const raints on the highway design.
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Fig.8 A hypothetical optical highway configuretion to Illustrate several concepts including
redundancy and the use of a range of coupling components
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F1g 9 Three-port coupler used as combiner

Fig. 10 Alternative configuration for a four-port coupler

Mixing section~~~~~~~

Fig. I I  Four-port coupler used as both combiner and divider

From transmitter To receivers

Fig. I 2 Transmission star mixer
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FIBRE OPFICS CONNECT(I~S : HUT PI1~MIPE~ VER~tE- P2~ XY BONDItE3 ~~ BUNDLES
AND NEW TECHNIQUES WITh SIPE3LE FIBRES

R.B. Quarmby,
H.llerasnn Beutsch,

East Grinst.ad,
Sussex , Eng land .

SI)4ARY

Th, requirements of fibre optics for •illtary use are reliability, ease of maintenance and
speed of both installation and repair. Various single and multichannel connectors and systems for
cable—cabl, and cable—diode coupling can be made, and with sui table design will withstand temperature
cycling, humidi ty, vibration and Shock to milita ry standards.

Unt i l  now fibre bundle cables have been terminated by epoxy resin bonding, but thi s technique
has been inconvenient to apply in the f ie ld .  A new dry technique has now been developed for hot forming
th, cable ends and details are given. The new proce ss results in junctions of hi gher optical efficiency
Cnd it can be carried out with only a few minutes ’ training in the use of the portable tools now available.

Butt jointed single fibre connectors have been made and have coupling losses in the order of
3dB. Work 1. proceeding on an alternative design in which a matching fluid i~ used to reduce losses.
Further work i s  needed to bring these si ng le fibre connectors to a state of development sui table for
mili tar y applications.

1. MILITARY REQUIREMENTS

In designing fibre optic components and systems for military use, the main emphasis is placed
on the following factors: ( a )  operational reliability in the intended function, (b) ease of maintenance,
(c) speed of installation and repair.

1.1 For operstional reliability, the fibre optic components and systems must meet the same mechanical
and .nvlronaen ta l test specifications as the electrical and electronic units they replace. For example,
th, diode—cable assemblies and fibre optic harness shown in Fig.1, which are fitted into the Boeing YC — 14
STOL transport a i rc ra f t, are capable of meeting the aircraft environmental test speci fication shown in
abridged form in Table I.

The illustration shows the tra nsmitting LED in its housing, with a Y — junction cable attached.
This arrsng..ent permits a single transmitting diode to send simu ltaneous signals along separate paths to
two receiver s, thereby providing a system redundancy which is an operational requirement; a receiving
diode—cable assembly is shown on the ri ght. The main harness is a tour channel system of lOft length,
termi nated In  fu l ly  sealed , bayonet coupled quick release connectors.

A sect-nda ry sheath has been provided to give the fibre optic cables the additional protection
they need , the junctions of thi e wi th the connector shells being protected by heat shrink boots. Protective
caps are provided to maintain the environmental sealing of the harne ss when di sconnected from the system .

1.2 La.. of maintenance results f rom the use of connectors to divide systems into module s , so tha t
every component part I s  removable for replace ment. Dimensiona l stand ardi aation of cable termi na tion s and
connectors I s  essential to ensure every cable-cable or cable—diode interface gives an identical optical
perfor manc e (see F t g . 2 ) .  The exception occurs in “buried” cable systems where the fibre optic cables
themselves are inaccessible once installed . In such cases It is usual to provide redundant circuits , and
various junction units are available for their construction, typically Y — junc tions and star coupled
.ultiwe y junctions ( Qua rm by, R.B., 1976).

1.3 Speed of installation i. facilitated by the use of system modules and quick release bayonet
connectors. There are , however , other considerations which must be taken into account in &electing the
sost suitable system. For example , by .akl ng the retention features of the termination ferrules the
same dimensionally as those of standard electrical contacts , it is possible to make use of the same
plastic Insert i on and removal tools , (see F I g . 3) .  In the same way as soldering ha. been superseded as a
tec hn ique by cri mping  for the term in ation of electrical cables , so now epoxy bonding of bundl e fibres into
ferrules is superseded by hot forming. The rea sons for going to a new method are much the same , being the
abando naent of a wet technique needing specific skills on the pert of the operator , in favour of a dry
technique ceili ng for no specia l ski l ls , but relying Instead on factory produced portable tools and
components, (see Fig.4). Thea. can also be used to make In — field  rep airs .

2. BUNDLZ Fl ~~~ SYST~~~

Multimode bundle fibr, cables are the current preferenc e in military equipment applications.
Thei r losses are not too great for the short distances which are usua l , their f lexibil i ty makes them easy
to install without risk of breakage and their l igh t  weight makes them rugged In use. Becau se of a
relatively large diameter , th ey can be coupled directly to light emitting and detecting diodes , and to
each other , with a high level of effIciency.

- --- - _ _ _ _ _ _ _



As al ready stated , the techniques for t e r m i n a t i n g  and p o l i sh ing  fibre bundle cables have unti l
now been su i table for use in a factory or workshop envi ronment but inconvenient to apply in the field.
Epo xy resin bonding of the cable ends in to  metal  ferrules  prior to polishing is a process requiring
carefu l control of resin mixing and appl ication to achieve good results. It is , moreover , a lengthy
process to apply as time must  be allowed for the resin to cure before the fibre ends are polished.

The use of epo xy processes during instal lat ion can be avoided by procuring the exact length . of
term inated cable required in advance , based on system design calculations. Maintenance of equipment in the
f i e l d  has been ach ieved  by provid ing  a number of fini shed cables for use as spares.

In regard to repair in the f i e ld , and i f  advance procurement of exact lengths I. impossible, the
epoxy resin bonding technique can be used , although as a process it has the drawbacks which have already
beefl s ta ted.  The new techniques described in  th is  paper ar e a si gnificant improvement in this regard and
facilitate the use of cut—and—fi t techniques for the installation of long runs of fibre optic cable.

3. HOT F(ES4ING AND POLISHI~~

The new method of cable termination is based on the development of hot fo rming  techniques for
securing the cable ends in thei r ferrules, prior to pol i shing. Only dry components are used , and the
entire process of preparing and polishing a cable and is completed in three to four minutes using specially
developed portable tools. Training in the use of the tools can be given in only ten minutes.

The hot fo rming  process requires the use of a factory made composite ferrule  (See Fi g.5 ). This
is assembled from three components: an outer or driving ferrule, the internal bore of which tapers
inwardly at its extremi ty, a glass bead and an inner ferrule. The three parts are pre—assembled to
facilitate the process of threading it over the fibre bundle end of a stripped back cable. After threading,
the cable sheathing is retained in the bucket of the inner ferrule by crimping.

The hot forming tool i s  shown in Fig.4 and is used to sea l the cable end into the ferrule. The
terminat ion is  inserted into the tool and is  clamp ed into position. Operation of a contro l knob on the
side of the tool releases an internal spring, which pu shes a heating element aga inst the driving ferrule.
The termination becomes heated by i t s  contact wi th the element and the heat softens the glass bead , which
begins to flow into the tap ered portion of the driving ferrule under the driving force of the spring. At
the same t im e, the ends of the cable beg in to soften and are deformed under the radial compression of the
glass bea d , the interstices between fibres being virtually eliminated. As a result , the fibres end up
ti ghtly packed wi thin the ferrule . Thus total periphera l support is provided for each and ever y fibre
during the subsequent pol ishing operation.

Comp ared wi th  a resin bonded termination , the resulting cross section has a much reduc ed dark
area , as shown in Fi g.7.  In a teat of both methods with a nominally 100 — fibre cable, the insertion loss
of the connection was reduced from 2.75 to 1.5 dB. The degree of compression applied during the hot forming
process depends upon the ori g~ .~~l si ze of the gap and the size of glass bead. Various ferrules hav e been
designed to acco odate a rar ge of cables , up to 3.5em diameter.

The termination i s  finished off by crimping the inner and outer ferrules together , an d using
the second portable tool fo’ p olishing.  The tool houses a geared electric motor which drives a polishing
disc covered with a suitable grade of carborund um paper. An interna l reservoir holds fluid to wet the
disc during polishing, the motor shaft being sea led to keep i t  out. A clamp is provided which holds the
ferrule nor ma l to the plane of the polishing disc , but allows i t  to be moved radially in and out during
rotation . Po l i sh ing  a hand heid termi nation always leads to a domed end which is inefficient  in use.
This i s  avoided i n  the desi gn of thi s tool .

I.. SI%LE FIBRE C0q*1ECT(1~S

Li gh t can be tra nsmitted fro m one single fibre to another by the arrangement of a butt —joint
betwe en them, but , because of the small sizes involved in connectors of this type , major losses can occur
unless fibre mi salign ment , end sepa ration of fibres and angular mi salignment of fibres are avoided . The
connector components must therefore be made to a very hi gh degree of accuracy and matching fluid is used
to e l imina te  the a i r  space betw een butting ends , wherever possible.

A single fibre connector made in this stra i ghtforward way has been developed . As wi th bundle
fi bre conn ecto r s, the essential factor in the repeatability of perfo rmance between one connection and
another i s  in the provision of ferrules and housings of accurately controlled dimensions. Termi nation
of the cables in  the ferrule ia s t i l l  based on the use of epo xy resin bonding techniqu es and facto ry
polishing of ends.

To fac i l i ta te  cleaning of the polished ends prior to connection , the complete system uti l izes two
plugs to interconnect to a central receptacl e. Each plug is attached to an optical cable , and a retention
nut holds the ferrule and plug fi rmly together . Only aingle channel versions hsve been considered and the
inser t ion loss achievable i s  of the order of 3dB , wi thout matching fluid to reduce Fresnel reflections .
Wo rk is proceeding on an alt ern a tive design in which a matching fluid is used to reduc e losses. Further
w.yli is needed to bring th ese connectors to a state of development suitable for mili ta r y applications.
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TA~~.E I

ABRI [X~ED F~~~1 OF ENVIROMIENTAL TEST S~~ CIP’ICATI0Ii

FOR BOFII~G YC - 14

CONDITION REQUIRBREPIT

Temperature Range —65 to + 160°F

T..perature Shock Temperature (°F) cycled four hourly
in the following sequence:

ambient. +160, ‘0, +130, —20 , +130,
—65, +130, C , 150, 0, ambient.

( power applied 30 minutes before change
from 160 to 0)

Al t i tude  8000 ft , continuou s operation
50,000 ft , 30 minute operation

Humidity 0 - 100% R.H.

Sand and Dust As MIL -STD-810B method 510

Vibrat ion As Test Envelope of F ig.8

Shock and Crash As MIL—A—886 5 A A.en~~ ent I

Abrasion As NIL-W—22759 Paragraph 4.7.5.12
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FIG.1 Fibrocon components f i t t e d  to the Boeing It — 14 STOL transport a i rc ra f t.
(a) Li ght emitting diode housing with Y Junction Cable.
(b) Harness compri sing FRE bayonet coupled quick release connectors, based on Pa t te rn  602

(EL 2112) aircraft types, and secondary sheathing in the form of corrugated plastic conduit ,
for extra protect ion of the f ib re  optic cables themselves. Note caps which are supplied
to protect the harness from the environasent when di sconnected.

(c) Light receiving diode housing and cable.

?IG.2 Fibre optic conn ector and cable modul es.

Beck row: Modulator uni t  driving 4 LED’ si rai l mounted .c rew~coup led optical connector with two
elec t ri cal ra i l  mounted blocks; demodulator unit with 4 Pin diode housings.

Front row : Single chann el square flange connector ; envi ronmentally sealed single channel snap —In
connector; single chan,i.1 sna p-in connector; 3—way sta r coupled junction ; diode housings.
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FIb. a) I ~e, I ion aid ext :a t ion  tool wi ‘ — i  i~ lp c t i a i in ej  l i p  type coin... tor.
Si i i  p channel bulkhead Olile.. t i  ~ I ‘ q, , •.~ r e t a i  t ied able term i r u t  Ion .

FIG.4 Portable tool kit , showi ng f r om left to ri ght, hot forming tool , crimp tool for attaching outer
to i nner fe r ru le , p o l i s h i n g  tool and crimp tool for attaching inner ferrule to cable cladding.
By use of these tools it Is possible to achieve t erminat ions  of factory made qual i ty with portable
tools iced by unskilled staff in the fi eld.
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FIG.5 Thread ing  of f ib re  bundle  through composite ferrule prior to hot forming.

I

P10.6 Applicat ion of termination to hot forming tool .
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FIG. Hot formed cross section.
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SUIV4ARY

This paper describes a range of single fibre demountable connectors and active devices , and compares
measured performances wi th theoretical predictions.

1. INTRODUCTION.

Although the original aim of fibre optics comunicatlons has been the establishment of cheap long haul
high bandwidth links for the teleconanunication Industry , many of the earliest systems have been for
military and other short range applications , where the main advantages accrued have been in terms of low
weight , freedom from EMI and electrical isolation. Many of these systems have employed fibre bundles as
the transmission media , due , perhaps , to availability , and to the relative ease with which they can be
coupled to one another, and to existing large area sources and detectors.

However, there is growi ng interest in these areas in the approach of using a single fibre per information
channel , thus gaining from the expertise of the teleconmiunications industry which is already conmuitted to
single fibre operation on economic grounds. In addition , the milita ry user can expect to reap benefits
from the potential ruggedness of well protected single fibres , together with good theoretical coupling

characteristics , and the availability and life of small area sources and detectors. A general comparison
of single fibre versus fibre bundle operation Is beyond the scope of this paper , but has been well
documented elsewhere.

One key factor in the acceptance of single fibres for military and other non-teleconanunicatlons
applications has been the development of demonstrable coupling techniques between fibres and to terminal
devices . In these areas, requirements part company from the teleconununications field where the emphasis
has been placed on extremely low loss permanent or semi-permanent joints or splices. Whilst the need for
splicing techniques does exist in  the military field as a repair facility , the primary means of coupling

is likely to be by means of denountable connectors, capable of being mated many times by non-specialist
personnel , ofter under arduous environmental conditions, with repeatable rather than the ultimate
optical performance.

As the first step towards this goal , ITT have developed a range of rugged deniountable single and multiway
connectors , and a compatible family of sources and detectors. The remainder of this paper will describe
these devices, and compare experimental results with theoretical predictions .

2. FIBRE TE~ 4IUTION.

Whilst direct aligrinent of bare fibres in a suitable guide probably represents the ultimate solution in

terms of optical performance , being limited only by Intrinsic fibre defects and Fresnel reflections , this
principle is fraught with difficulties when applied to practical connectors due to the extreme fragility
of unprotected fibres. Adelttedly, such techniques have been successfully demonstrated, particularly in

the teleconmiunications field , where the cost of skilled assembly can be offset by a saving in repeaters
as a result of the low insertion losses obtained.

However, the military requirement is for a more rugged device, often In applications where a margin of
system performance exists and slightly higher insertion losses can be tolerated. For such cases It Is
desirable to protect the fibre end In a concentric ferrule, thereafter aligning the two ferrules rather

- ~~~
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than the barL flbres . Ca4-e can be takeL to ensure that the exposed fibre Is polished flush with the end

of the ferrule, so that provided dirt l’s excl Wded , the risk of damage during mating is greatly reduced.

- The price to be paid for protecting the fibre in this way is iR the exacting tolerances which have to be
applied to the component parts In order to pre~~nt fibre misalignment raising the Insertion loss to

unacceptable levels. This has necessitated the development of~~echn iques w~ich 
‘not wily real Cs~e the

pieceparts wi th the required degree of accuracy, but which are suffic&ntly flexibl~ to acconinodate a
wide range of fibre diameters. This is particularly important as there has not~yet been any standardisation 

‘

of fibre diameters, although there does appear to be a convergence towards the range lOO—l~) Ian. In
addition there are difficulties in achieving tight process control , and CVD fibres in particular often
exhibit considerable diameter fluctuations.

Thus the ferrule termination - has to be manufactured to a high order of accuracy , yet be versatile In
accepting various fibre diameters. This goal has been economically achieved by making the ferrule in two
p~rts; an accuratel y ground stainless steel body , relatively expensive , but cortation to all sizes; and a

cheap watch jewel i nsert, to adapt the ferrule to suit the relevant fibre size. This latter Item Is

available with holes ranging from 70 um to in excess of 200 urn, incrementing by 10 urn steps, and costing

only a few pence, can economically be held as stock items, ready to be pressed into the ferrule bore as

requirements dictate (figure 1).

Despite its low cost, the jewe, nsert Is manufactured to a high degree of accuracy , and its addi tion only
impairs the overall concentricity by a maximum of 1.5 urn. Each ferrule-jewel combination is permitted a
maximum total eccentricity of 5 an, although new techniques are being developed which promise to

substantially reduce this figure. In addition , the possible clearance caused by a worst case fibre-jewel

fit can contribute a further 5 ian eccentricity, although in many cases the fibre diameter falls between

two jewel sizes, thus reducing this error also.

One particularly useful feature of the watch jewel Is the hemispherical “oil retaining recess , which ,
being highly polished , acts as a fibre guide, and enables the potentially difficult task of threading

the bared fibre to become an almost trivial operation , so that even inexperienced visitors usually become
adept at this process with a few minutes practice. The actual fibre termination is accomplished by first
removIng a few millimetres of the protective plastic coating with proprietry wi re strippers , followed by
threading the bared fibre through a ferrule loaded with epoxy resin. After curing, the protruding fibre is
polished flush with the ferrule end by a simple hand process and visually inspected for defects using a
portable microscope which has been developed for this purpose .

3. FERRULE ALIGNMENT.

The type of alignment guide currently used In ITT optical connectors is a precision cylindri cal bore. This
Is attractive in its simplicity and reliability , and is relatively easy to manufacture to the required
tolerances using conventiona l machin g techniques . In addition it is readily adaptable to suit a variety of
connector configurations. The major disadvantage of this method of alignment is that a minimum clearance
must be mainta ined between the ferrules and the bore in order to permi t a slidi ng fit, which , together wi th
the inevitable machining tolerances can lead to a further fibre eccentricity of 5 urn maximum. Other

— 
alignment principles which substantially eliminate this clearance are currently being investigated as part
of a general progranune to improve the overall connector performance.

4. OPTICAL PERFORMANCE.

It will be evident from the previous discussion that fibre misalignment In this type of connector can be
attributed to three major sources, each currently being limited by tight manufacturing control to a
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unaximian value of about 5 tan. To recap, these are :-

a) Fibre 0/0 - Jewel l/D clearance.

b) Jewel I/O - Ferrule O/D eccentricity .

c) Ferrule O/D - Alignment bore l/D clearance.

Each of the above occurs quite Independently and In both halves of the connector so that a worst case
estimate of the resulting misalig nment leads to a figure of 30 urn, which even wi th the relati vely large

core fib—es (~~85 tat) favoured for many applications leads to a high insertion loss.

-I
However, it will also be obvious that this wi l l  be a very rare occurence, since random selection of
components w i ll lead to better individua l fi ts, and the equally random orientation of the contributing

eccentricities will cause some degree of self cancelling. Thus , it Is apparently impossible to predict
an individual connector performance even wi th a calibrated set of components. However it is possible to
define confidence levels for achieving a desired optical specification.

This is achieved by regarding the six contributing eccentricities as a system of rotating vectors, each

wi th its own angular velocity and initiall y considered to have the maximum permitted value , Ic. 5 urn.
By calculating the value of the resultant at a sufficient number of random instants in time , a
probability distri bution can be built up, from which the confidence levels are determined. Figure 2
demonstrates the result of this procedure, along wi th the corresponding curve for a smaller number of
vectors.

Two conclusions can be drawn from these predictions ; fi rstly that a high confidence level can be
attributed to achieving a relatively low nett fibre misalignment; and secondly that reducing the number
of sources of erro r does not reduce the resultant by an equivalent proportion as is illustrated by the
2 vector curve in fi gure 2. The effect of a random selection of tolerances can also be evaluated , since
it has been found that, whilst those eccentricities caused by unavoidable clearances have average values
equal to their arit1uneti c mean , the eccentricity of the jewel hole wi thin the ferrule exnibits an average
very close to its maximum , due to the extreme difficulty of achieving low values. Thus , these two
eccentricities (one for each ferrule) predominate and at best the system will only revert to the 2 vector

curve. The actual distribution will lie between the two, and the curve most likely to be obtained from

random selection of components has been included in fig~are 2.

In addi tion to fibre misalignment, other losses are caused by separation of the fibres due to inclination
of the ferrules within the clearance in the bore, and to Fresnel reflections , the latter typically

adding a fixed 0.45dB for glass fibres wi thout index matching.

A considerable number of single way connectors have been built in the last few months, and the losses
obtained between a small number of 85 um test fibres have been measured as an inspection procedure .
These results have been plotted as a histogram in figure 3, together with the theoretical predi ctions
obtained from figure 2, Inc ludIng an allowance for Fresnel reflections.

5. PRACTICAL COPI~ONENTS.

Figure 4 represents a schematic layout of typical multichanne l data links that have been supplied for
evaluation purposes. Adeittedly this may not represent the optimum solution in many instances, but it does

demonstrate the need for various interconnection components.

In part icular , each end of the multichannel cable is terminated with a panel mounted connector, which
also serves as a convenient junction box between the cable and the individual fibre tails leading to

_ _  - —-——-—— - _ _ _ _ _ _ _ _ _ _ _ _



discrete transmitter and receiver modules. Depending on the length of the link and the physical layout ,
there may be a requirement for free connectors within the length of the cable.

Inside the termi nal units, single way connectors are provided as Internal maintenance joints , and finally
each fibre can be disconnected from its corresponding source or detector package. Strictly speaking, there
Is no need for both these joints and there Is some controversy as to whether devices should incorporate
permanently attached fibre tails in order to eliminate the additional loss. However, permanently attached
fibres pose an additional and unnecessary hazard to the survival of an expensive device, and the
alternative solution of eliminating the single way maintenance connector is preferable if both joints
cannot be tolerated.

5.1 Multiway Connectors.

These connectors, the first of the range to be developed by ITT , have been based on the PVX pattern 602
miniature circular LF connectors of ITT Cannon , Basingstoke , and are currently offered in ei ther 4 or 8
way versions. The conventional electrical pin and sockets have been replaced by externally compatible
optical contacts, internally modified to provide the necessary alignment facilities . Figure 5 shows a
sectioned view of one mated pair of contacts, illustrating the alignment principle of the jewelled
ferrules and precision bore. One of the ferrules Is allowed axIal freedom under spring pressure in order
to eliminate tolerancing problems.

This type of connector is particularly suitable for use wi th cables of a circular construction employ ing a

central strength membe r, and provision is made for securing this mechanically to an extension tube fi tted
to the rear of the connector body.

5.2 Single Way Connectors.

As discussed earlier , many single way connector applications are envisaged as internal maintenance joints,
and as such the mechanical and environmental requirements are less severe. A prime requirement however , is

that the connector should be small and light weight, compatible in fact with indi vidual fibres protected
only with a thin plastic coating. Some degree of environmental protection is required, but only as far  as

protecting the optical interface from the ingress of dirt and moisture.

The design of a single way connector to these requi rements has enabled a considerable degree of
compatibility to be achieved wi th device packages , which has considerable advantages for tht~ user by allow-
ing flexibility of installation and testing . Thus it is not by chance that the devices have very similar
external appearances .

Figure 6 Illustrates the single way connector, showing the alignment principle which is simi lar to the
multiver sion , except that the precision bore is allowed to ‘float’ between the two i dentical terminations.
Two 0’ rings provide a degree of sealing and help to minimise vibration effects .

5.3 Device Connectors.

The layout of the pulsed laser assembly is very similar to the single way connector (figure 7) wi th many
components bei ng can non to both.

The major difference is that one of the terminations has been replaced by a flanged ferrule containing a
short fibre terminated at both ends in watch jewels. This provides an optical window which enables good
collecting efficiency to be maintained, whilst iso lating the semiconductor from the outside world. Since
epoxy resin is used in the construction of this device , it cannot be claimed that the seal is truy hermetic ,
but It Is considered adequate for many existing applications.However, investigations are being carried out
Into other techniques which will achieve a hermetic seal.

t
-~
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The short flanged ferrule now represents one half of a single way connector, and is aligned with a
deniountable fibre termination in the same manner. Pulsed double heterostructure lasers are currently
being made which will typically launch 100mW peak power Into an 85 urn fibre , with a maximum duty
cycle of 10%. These same devices can be operated continuousl y below threshold as LED5, launching 5OuW
mean power with 100mA forward current.

Pulsed laser assemblies currently exhibit limited lives measured in terms of a few hundred hours.
However, CW lasers have been developed which promise to extend this to in excess of 10,000 hours , and
modifications are underway to permit these to be fitted in the same package. The major requirement is
the need for a rear window to pemi t optical feedback , which is necessary to stabilize the working
point of this device against long term dri ft.

Detectors, both Pin and Avalanche , have been fitted into the same outline package, with minor modifications .
In particular , the inside surface of the short fibre window is cleaved , and allowed to protrude thus
enabling very close coupling to be achieved to small, very fast devices . Typical sensitivitie s achieved
have been in the range 0.3 - 0.4 A/W depending on the actual detector used. With the larger devices ,
the possibility has arisen of using a large core fibre ( l50 urn) as the opti cal window , wh i ch permits
better coupling with the free fibre , without sacrificing coup ling efficiency at the detector.

6. BACK-UP FACILITIES.

With any new technology , it is essential to provide the potential user with back-up services and equipment.
Term inating optical cables is not yet as simple as is desirable , but it can be achieved by a conipetant
technician give the correct facilities and a small amount of training.

ITT have attempted to satisfy thi s need by offering packaged termination kits , together with one day
training courses during which practical experience is obtained. The termination kit includes , as an
optional extra , a portable microscope , complete with incident illumination and a dry battery pack. The
microscope has been speci fically designed to accept ITT ferrules, but will acconunodate others of the same
overall diameter. While not to the same standard as a laboratory Instrument, a magnification of x 150 and
a field of view of l imit makes this a useful tool for both single fibre and bundle servicing.

7. CONCLUSION.

ITT have developed a range of optical connectors and terminal devices which will satisfy many existing
requirements and whose performance is not too far removed from theoretical predictions (fig.3). Naturally,
development is continuing in order to improve optical performance and environmental properties, but only
by receiving feedback from a substantial number of first generation applications can sufficient
information be obtained to design products which meet the necessary specification .

- -- - -- --—
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QUESTIONS AND COMMENTS
ON SESSION VI

HOLOG RAPHIC ELEMENTS FOR PRACTICAL FIBER BUNDLE COUPLERS
O.D.D. Soares , A .M.P .P. Leite , E. A. Ash

Dr. H. J. Frankena : How can you , using normal holograms , attain a 100% efficiency for
the image—forming beams? Is the system sensitive for  lateral  dispositions in the
case that  the f ib re  ends are i r regular?

Dr. Leite : High ef f ic iencies  are only to be obtained using thick phase holograms . The
holograms are “ adapted” to the f ie lds  radiated by the f ibres ;  as long as the
record ing and reconstruct ion f ie ld  are the same , after traversing the first
hologram there wi l l  be a quasi-plane-wave in al l  cases .

AN OPTICAL FIBER MULTITERMINAL DATA SYSTEM
J. G. Farrington , M. Chown

Dr. R. S. Hopkins : (1) Please give any information on error rate , especially the
design assumptions about noise in the transmission link which guided your choice
of the type of redundant codes used . (2) Would the simple input circuit to the
comparator receiver be vulnerable to unequal rise and fall times of the pulses?

Dr. Farrington : (1) Because the trade-off between signal to noise ratio and error rate
is very sharp , with a system maying a reasonable safety margin in the power budget ,
error rates should be so low as to be unmeasurable . The use of redundant coding
is principly to ensure that valid address codes cannot be recognized in data
messages. (2) Unequal rise and fall times would have the effect of sli ght ly
increasing error rates, but if these are already very low this probably doesn ’t
matter .  Unequal rise and f a l l  times due to photodiode imperfections should not
have an effect on the time rates involved in most avionic applications .

Dr. Steve Brandt : The paper concludes that “to make the best use of the optical f i bres,
data bus systems should be designed to take advantage of the particular opportunities
offered (by optical fiber technology), and this will not be the case if networks
are designed for electrical and then converted to optical.” It appears , however ,
that the network under construction was indeed designed for or patterned a f te r
electrical (MIL-STD- 1553A , Manchester Si-phase Coding converted to optical , fixed
length message) and that  no attempt w~ o made to take advantage of the part icular
opportun ities offered by optical f iber technology, such as higher data signaling
rates than possible with shielded-twisted-pair wire (>10 MHz) or low crosstalk
between adjacent  parallel conductors.

Dr. Farrington : The system was the result of an attempt to re- think the requirements
of an av ionic data bus , but star ting wi th the use of optical f ibres. No attempt
was made to use any specific properties of the fibre for example very high bandwidth ,
but rather the system was designed around a best estimate of exist ing requirements,
( i . e.  <10 M H z ) .  The system does in fact d i f f e r  in several important ways from
MIL-STD-l553A and was not based on this standard. Extra bendwidth has been used
to simplify the system design instead of o f f e r i n g  higher data rates.

FIBER OPTICS INTERCONNECTION COMPONENTS
J. D. Archer

Dr. R. B. Dyott: I would like to suggest a possibly more precise method of locating
the f iber  than by using jewels with a range of discrete bore sizes. If a large
glass or silica tube is first accurately ground and polished to size and then
pulled down to a much smaller diameter , the bore can be made to f i t the f iber
exactly; the radio of outer to inner diameters being maintained accurately
during the drawing process.

Dr.  Archer: This principle is being used by STL in a slightly different form. However ,
the overwhelming advantage of the watch jewel is that it is readily ava i lab le ,
cheap (approx lOp) and hi ghly accurate . At the moment there does appear to be
some d i f f i c u l t y  in controlling f ibre  geometry, and the slightly reduced insertion
loss of your suggestion has to be weighed against the disadvantage of selecting
to suit a particular size. However I very much appreciate your suggestion .

Dr. D. A. Kahn : Have any tests of your demonstrable connector been carried out in
non—laboratory , i.e. unclean environments and what use the results if so.

Dr. Archer : The honest answer to your question is No in a controlled sense . However ,
feedback has been received from various customers with generally favorable comments.
Our own exhibit ion displays have su f f e red  minor increases in insertion losses , but
these have been recovered by simple cleaning technique , e.g. cleaning with aerosol
degrease r.

In fact degradation by dust does not appear to be as severe as might be expected. Of

_ _- -- - ---- ---- -- -— - 
---

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
-



course , severe dirt will probably be a very different matter , and some embryo
ideas are being generated on automatic shuttering techniques etc, but this is
a very difficult nut to crack , as I’m sure you will agree.
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Summary of Session V I
COUPLERS

by
Prof. P. F. Checcacci

Connectors and couplers are key components of an operational optical system , especially

P 

the f i r s t  ones.  Any operational system requires, for installation and maintenance , a
number of fixed and movable connections. It is also well known from the past, that the
realibility of electronic equipments is largely influenced by connectors.

In the section of the conference ded icated to this subject , papers were presented
describing operational connectors with some ancillary tools for assembling it with
the optical cable. This indicates that the development stage is well advanced . Of
course onl y a f t e r  some operation time we can gain conf idence  in such solutions and
experience for future development . Splicing techniques for long distance optical
cable at present under evaluation were also presented . In this case the main problem
is to develop techniques  sui table for field use by the existing skilled cable laying
personnel.

A well promising coupling technique for connecting fiber to fiber and fiber to source
or to detector by means of a matching hologram was also described . This was at the
ex perimental  stage and needs f u r t h e r  development.

In the f i e l d  of coupler , used largely as branch in the optical data bus line , a number
of simple T or X branch was described either using transparent bulk material or using
integrated optics technique. All of these couplers are substantially a crude power
divider and do not use technique similar to those applied in millimeter waveguide
couplers. Perhaps future monomode fibers will allow to use such well known waveguide
technique .

Variable couplers using perturbation on the main optical conductor to provide leakage
h ere also described , as well as those using more simple power splitting by offset of
the main optical conductor . Both are at present in the experimental stage.

In conclusion it seems that the field although being still open , exhibits a substantial
amount of devices which , overcome the development stage, are now in evaluation in
operational systems. It is expected to have soon some results of the realibility of
such components.
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