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MilitarY Applications of Fiber Optics and Integrated Optics
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Invited Paper

Absfracf—A general discussion of military applications of inte-
grated optics and fiber optics is presented. Specific applications dis-

cussed are: 1) a multiterminal multiplexed data highway f or aircraft

and shipboard use; 2) optical fibers as tethers; 3) a 10.6-w hetero-
dyne detector; and 4) integrated optical phased arrays.

1. INTRODUCTION

T

HE VIRTUES and potential of fiber optics and inte-

grated optics are well known and have been discussed

in other papers in this section. This area of optical tech-

nology is receiving a lot of attention at the present time from

industry and the military. From the military point of view

there are a fairly large number of application areas where this

technology can possibly offer unique solutions to critical prob-

lems. In the remainder of this paper a few possible application

areas will be discussed ranging from near-term to long-range

possibilities.

Fiber optics is receiving a lot of attention at present due

primarily to its potential for the telecommunications industry.

Fibers with extremely low losses have been reported and the

prospect of ultrahigh bandwidth optical transmission lines

with multikilometer repeater spacing is a very real possibility.

However, the large-scale use of fibers for telecommunications

is probably at least ten years away. The military, on the other

hand, has very real problems that can be solved with fibers of
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shorter length and more modest bandwidth. For example,

optical information transfer (O IT) on board aircraft involves

fiber lengths of less than 30 m, and bandwidths less than

100 MHz. Since higher losses can be tolerated, these applica-

tions can proceed without a large amount of fiber develop-

ment.

The realization of the full military potential of OIT, and in

particular fiber optic systems, will be aided by the develop-

ment of integrated microoptical circuits [1]. In general, this

technology will eliminate many problems inherent in bulk

optical devices. The optical processing of information with

integrated microoptical circuits will minimize the number of

optics–electronics interfaces in O IT systems.

The potential advantages of OIT systems are well under-

stood qualitatively. Generally, the use of fiber optics instead

of conventional transmission lines in military hardware should

cause the following impact.

1) Reduce, by up to a factor of 5, transmission-line system

size and weight for conventional information bandwidths.

This will make redundant control systems attractive which

will increase reliability and battlefield survivability. As the

individual fibers in a fiber bundle break, optical systems are

expected to experience a gradual degradation in contrast to

the catastrophic failure caused by shorts with conventional

technology.

2) Eliminate the problems caused by electromagnetic

crosstalk and interference which will allow close spacing of

transmission lines and operation near radar transmitters.
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3) Increase electromagnetic security by eliminating RF

emission and makhg inductive taps impossible.

4) Decrease interface problems, such as ground loops,

making modular avionics more attractive.

5) Ultimately lead to ultra broad-band communication

bandwidths (1–10 GHz).

It seems probable that integrated optical circuits (IOC)

will be used in conjunction with fiber optics transmission sys-

tems to overcome some of the difficulties associated with using

light to transmit information and may also find an indepen-

dent role in various forms of optical processing.

The interest in fiber optics and IOC evidenced by the com-

mercial telecommunications industry is clearly motivated by a

well-defined eventual requirement for ultra broad-band (l–

10-GHz) communication systems. When a high degree of

multiplexing becomes common, such a broad-band capability

(evidenced by single-mode or SELFOC fibers) will also prove

advantageous for future military systems. Over the intermedi-

ate term, however, the introduction of this technology will

involve applications requiring lower bandwidths where the

first four listed advantages are important and bundles of con-

ventional multimode fibers can be used.

II. AREAS OF APPLICATION

An important area that is being worked on now is optical

data transmission for aircraft. The first generation of this con-

cept is a collection of point-to-point fiber optic links. More ad-

vanced concepts involve optical data highways with several

random access terminals. Optical links such as these would

carry information between computers, sensors, and systems

on board an aircraft. They are attractive because potentially

they are small, lightweight, free of EMI, free of impedence

matching problems, secure, and could lead to modular

avionics.

There is another general area where optical fibers can play

a key role. This is the problem of tethers for towed arrays,

remotely piloted vehicles, wire guided missiles, etc. The need

here is for a lightweight data link over a very long path length.

Development of this area will require the lowest loss fibers

and/or small repeaters.

The later generations of both these applications will in-

volve integrated microoptical circuits. This technology is

farther off than fiber optics but it is progressing steadily and

offers a lot of potential. There are also areas where integrated

optics alone are important. Efficient two-dimensional acousto-

optical scanners for optical data recorders are possible and

acoustooptical deflection can be used in an integrated optical

circuit along with a linear array of detectors to form a micro-

wave frequency analyzer. Two-dimensional optical signal

processing is also possible in IOC form. Other applications are

in the IR and in particular at 10.6 ~m. These applications are

tied to the increased use of COZ lasers for military applications,

Efficient high-frequency modulators can be made in micro-

optical form which can be used with modest power levels.

Optical receivers using heterodyne detection for laser radars

and satellite communications links can also be made in micro-

optical form. The requirements for frequency tunable local

oscillators and complex array geometries make bulk optical

heterodyne receivers extremely complex and sensitive to en-

vironmental effects. IOC is a possible solution to these prob-

lems. Another area is coherent phase front control. An IOC

array of phase modulators could conceivably be constructed

to correct a laser beam for atmospheric distortion effects And

provide some beam steering although the limited power-

handling capability of IOC would be a serious constraint.

There are many more areas for IOC application that can

be considered such as display, up-conversion, and lightweight

atmospheric optical data links. With careful consideration of

the state of the art of what can be done in the near future these

applications seem further off.

Fiber optics communication systems will be limited to the

visible and near IR portion of the spectrum since in that re-

gion diode light sources are available, detectors do not have to

be cooled, and the most likely fiber materials have their maxi-

mum transparency. IOC experimental procedures are usually

easier in the visible or near IR, however dimensional toler-

ances can be relaxed as one proceeds into the I R.

In the remainder of this paper four possible application

areas with military relevance are considered in detail—optical

data bus, 10.6-~m optical heterodyne detector, tether, and

optical phased array antenna. These four applications address

~eal problems and include a rather broad cross section of fiber

optics and integrated optics technology.

III. OPTICAL DATA Bus

Fiber optics technology offers much promise for data com-

munication systems. Indeed all of the efforts of Bell Labs in

this technology are directed towards this application. The

military will, however, have special requirements. In general,

bandwidths will be smaller than those of the telecommunica-

tions industry and lengths will be shorter with more input–

output terminals required along a transmission line. The prin-

cipal military application of fiber optic bundles will involve

multiplexed transmission lines of moderate length intercon-

necting avionics subsystems on aircraft or ships. For military

application the emphasis will eventually be on multiterminal

systems. Severe volume, weight, and mutual interference

problems are now encountered when conventional transmis-

sion lines are jammed together on mobile platforms.

For moderately large information capacities, optical trans-

mission lines in avionics systems will offer advantages involv-

ing volume, weight, and complete invulnerability to electro-

magnetic interference and interface problems, compared to

conventional RF transmission lines. Fiber optics bundles need

be no more than 1 mm in diameter even for large information

capacity. For tens of megahertz bandwidths, conventional

transmission lines often need diameters to ten times this size.

The elimination of ground loops should make modular elec-

tronic systems more attractive. The potential advantages of

optical transmission systems such as insensitivity to high tem-

peratures, reliability (through redundancy), and lack of fire

hazard may also prove important in select cases.

Integrated optical circuits can play a role in such systems

by providing sources and modulators for systems which use

conventional multimode fibers and additionally by providing

couplers (active and passive) and remote optical switches for

systems which use single-mode fibers. With the advent of

spectral multiplexing techniques, integrated optical circuits

can provide wavelength selective couplers and components

for single-mode systems. With transmission lines which use a

large numb,er of modes IOC will not be able to provide signal

processing after the data have passed through the transmis-

sion line since efficient coupling from a multimode fiber to an

IOC, which contains at most a small number of modes, is not

possible.

The first generation of multiplexed optical data transmis-
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sion systems probably will be configured to be adequate for

aircraft avionics and the sensor subsystems of small ships. A

main transmission line length of 3@-60 m with eight or more

major input and output terminals (with multiple access) and a

10-100-Mb/s information capacity should cover both applica-

tions. 100 Mb/s is enough to simultaneously transmit one to

two TV images. Bandwidth requirements often depend on

whether TV imagery is carried on the bus. Hierarchical access

to the bus will be required to hold coupling losses down. For

these lengths and bandwidths use of a multimode fiber optics

bundle with low-cost GaAs light-emitting diodes (P=l mW)

and silicon p-i-n photodiode detectors is the most straight-

forward approach. Nonreciprocal coupling (all the input gets

on whereas only a fraction of the throughput is coupled off) to

the bus is required to limit terminal loss if a conventional data

bus layout is used (see Fig. 1). Such input–output coupling to

the main data bus could most easily be provided by non-

reciprocal “T” connectors.

A desire for the use of low-cost light sources [1-mW light-

emitting diodes (LED’s) ] and silicon p-i-n diodes sets a

maximum transfer loss of =25 dB for a 100-Mb/s information

capacity. Most of this loss will be associated with splitting off

from the main line at the major terminals. This loss must be

carefully divided up between components. Throughput loss

caused by packing fraction problems occurring at each “T”

coupler is the major problem with the conventional data bus

layout. Alternatively, the “star” layout approach to multi-

terminal communication systems, developed by Dr. Frank

Thiel of the Corning Glass Works, can be used where each

terminal has a separate input and output bundle which con-

nects to a central “scrambler,”

The principal components which need development are the

following.

1) Multimode fiber bundles; 60-m lengths will be required

with reasonable packing fraction losses and transmission

losses <50 dB/km, so that the loss over 60 m will be less than

3 dB. The low numerical apertures (=0.2) required for the

higher bandwidths will require large bundles and special input

optics to keep LED input losses reasonable. Higher numerical

apertures (NA) should be used with lower bandwidths and/or

shorter links. An NA >0.4, 80-dB/km fiber would also be very

useful. End finishing and repair techniques will have to be

worked out for the bundles and high-temperature (300”C)

fiber sheathing will need development since the present

sheathing melts at temperatures of about 105”C.

2) Optical “T” connectors need development. The ap-

proach with the lowest loss is to essentially use bundle frac-

tionation along with a number of scramblers to ensure that all

the information is carried on each fiber before the next termi-

nal is reached. This approach is nonreciprocal in the sense that. .
all the information is coupled onto the rod, whereas only a

fraction is coupled off.

If a light pipe integrator (clad glass rod) is used as the

scrambler packing, fraction losses will be limiting. Present low-

10SS multimode optical fibers lead to high packing fraction

losses (5 dB) unless the cladding is removed.

An optical “T” connector currently being worked on, at

NRL [2] is shown in Fig. 2. Here a fiber bundle is terminated

and contacted with a solid glass cylinder. Light from any

single fiber in the bundle illuminates the entire exit face of the

cvlinder. Hence this element acts to integrate or “scamble”

the incoming signal over the entire aperture. The technique

shown in Fig. 2 uses two cylinders with the input–output

vMATCHED
TERMIWION

--L’’’X’ERM
TO
LED’S,
DETECTORS

Fig. 1. Optical data bus with fractionation at
each major terminal, and scramblers.
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=EF=Jrl==
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w
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Fig. 2. A schematic diagram of a scrambler-coupler technique being
developed at NRL for use with an optical data highway

coupling to the bundle between them. The central portion is a

third glass cylinder with a flat ground on one side. This area

serves to allow a small fiber bundle to couple to the scrambler

for input–output functions. This “T” coupler is nonreciprocal,

self-contained, and needs only suffer one packing fraction loss

on throughput.

3) High radiance LED’s and silicon photodiode p-i-n

structures which meet environmental specification wil!l have

to be put together. For modulation frequencies of 50 MHz and

above some LED development is necessary. Otherwise, satis-

factory components are commercially available.

Growth versions of the multiplexed data bus will be ap-

propriate for large ships. Here 300-nl lengths will be needed

with up to 100 terminals. 300-Mb/s information ca~pacity

should suffice. Transmission losses and terminal bypass losses

will now dominate input–output losses so that lower l~$ss fiber

bundles, higher power sources, and more sensitive detectors

will be needed. Spectral multiplexing should be used to reduce

bandwidth requ’irements. Repeaters will be needed and laser

sources and avalanche diodes should be considered with low

numerical aDerture bundles.

An alternate approach is to use single-mode or SELFOC

fibers. Spectral multiplexing might be useful but would not be

required, since with these fibers the transmission line will not

limit the bandwidth. Laser sources will be required. Diode

lasers can operate CW at room temperature, but the lifetime

is still limited. Efficient coupling into a bundle of single-mode

or SELFOC fibers from a single source is not straightforward.

Use of a single fiber instead of a bundle loses the advantages

of redundancy and the advantage of fractionation. However,

single-mode operation (or operation with a limited number of

modes) is more advantageous to IOC device techniques and

coupling to the main bus could be performed by using 10C. If

single-mode operation is used, coupling will have to be

achieved by the use of active switches which change the cou-

pling with time. A bidirectional repeater will require the de-

velopment of an optical circulator which will require mi~gnetic

optical devices. With single-mode operation optical switches

at the terminals can be made in IOC form (see Fig. 3).
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I
,TEcT:m~~

IOC COUPLER,
SWITCHES

Fig. 3. Single-mode fiber optical data bususing IOC
terminals and IOC bidirectional repeaters.

IV. lo.6-/.trno PTICALHETERODYNE” DETECTOR

In the infrared, theheterodyne detection of laser radiation

offers significant advantages over direct detection. When a

heterodyne receiver is operated with enough local oscillator

power, dark current noise and receiver thermal noise can be

suppressed even for very wide bandwidth operation. The

signal-to-noise ratio (SNR) can thereby be increased to the

signal photon noise limit. Indeed the narrow spectral accep-

tanceof the heterodyne system (AA/X <10–3) is the only way

to achieve this result near 10 ~m due to the large thermal

backgrounds which are usually present at these wavelengths.

Both the large thermal backgrounds and the absence of

high-speed detectors for X = 10.6pm with internal current gain

make heterodyne detection particularly attractive for C02

laser systems. Heterodyne techniques would also be advan-

tageous for laser systems operating in the 3–5-~m window

(DFor CO) since thermal backgrounds are still troublesome

and no high-efficiency photocathodes exist for those wave-

lengths.

Heterodyne detection for optical communication systems,

optical radar systems, and laser-line and raster scanners can

significantly reduce transmitter power requirements; however,

at this time this detection technique is complicated and ex-

pensive. The primary reason is that a laser local oscillator

must be provided and careful alignment maintained.

Master oscillator fluctuations and Doppler shifts due to

moving targets and receivers will change the frequency of the

received radiation. Unless the local oscillator tracks these

shifts the detector must be operated with a very wide band-

width with bandwidth reduction accomplished after the IF

channel. Since Doppler shifts for space targets get as high as

1.5 GHz at 10.6 pm (150 MHz for airplane targets) detector

frequency response and electrical crosstalk problems are seri-

ous, and large LO power and expensive electronics are neces-

sary with a fixed-frequency LO approach.

A far more elegant solution is to frequency shift radiation

from the transmitter master oscillator for the local oscillator

and make it frequency track the received signal. Indeed this

would in many cases be the only way to use heterodyne detec-

tion in the mid-IR, since Doppler shifts get larger at shorter

wavelengths. Even at 10.6 pm severe problems have been en-

countered in developing frequency shifters of sufficiently high

bandwidth using bulk electrooptical and acoustooptical inter-

actions [3], [4]. Interactions which are confined to an optical

waveguide may offer the best approach to constructing a

practical frequency shifter since higher efficiency can be ob-

tained due to the absence of diffraction effects. The alternative

of using Pbj_zSncTe diode lasers for tunable LO power does

work but problems in obtaining sufficient output power in a

single mode remain [5].

1
OUTPUT

MASTER OSC AMPLIFIER

I ~“pu’

t, ●

I
L O CONTRCI
ELECTRONICS I

SIGNAL
OUTPUT

Fig. 4. Block diagram of an optical heterodyne detector where the
LO signal k obtained by Doppler shifting a portion of the master
oscillator power (see text).

INTERDIGITAL
TRAW3JCER

INPUT
COUPLER

\\\

* INTERDIGITAL
TRANSDUCER

J

Fig. 5. Basic optical heterodyne unit with Bragg scatterer
for LO generation and IOC photodiode.

Integrated optics offers potential for the heterodyne de-

tector. With IOC the detector diode, local oscillator source,

and frequency shifter are an integral unit, This unit is small,

lightweight, and free of environmental effects such as vibra-

tions. Frequency shifting of the LO should be very efficient

with IOC. Packaged in this manner the heterodyne detector

could be stacked into arrays for I R image detection. Present

technology concepts for matrix heterodyne receivers, to be

used with pulsed imaging laser radars, have serious image

disection problems which could be helped by the introduction

of 10.6-pm optical waveguides. Photodiodes have not’yet been

fabricated to be compatible with optical waveguides. There

are potential materials compatibility problems and fabrication

technique problems, but there are no reasons to assume these

are unsolvable. Further there has been no demonstration of an

IOC local oscillator at 10.6 pm. The easiest approach to this

problem is an external source frequency shifted by an ap-

propriate technique.

A basic heterodyne detector is shown in Fig. 4. A master

oscillator–amplifier combination provides the output signal

for the system. A part of the master oscillator signal is tapped

off to provide an LO source. The LO–detector (D) combina-

tion is an IOC. The LO is obtained by Doppler shifting the

master oscillator input. The Doppler-shifted frequency is con-

trolled by the electronics package which monitors the inter-

mediate frequency at the detector.

The general problem areas associated with the IOC portion

of this detector are: 1) low-loss 10-~m planar waveguides;

2) photodiodes compatible with IOC; 3) 10-pm planar wave-

guide output couplers; and 4) acoustooptic capability in

10-pm waveguide.

The basic optical heterodyne unit is shown in Fig. 5. “End-

tire” tapered couplers are used to couple 10.6-pm radiation
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into the IOC. They must efficiently ( >90 percent) accept the

collimated input radiation when incident in a given field of

view. The local oscillator signal is generated by using the

Doppler-shifted light from Bragg scattering. The scattering

is due to an acoustic surface wave generated by interdigital

transducers. LO and signal are incident in a photodiode fabri-

cated on the IOC. The bandwidth of this device should be

1 GHz. Some applications will require the development of a

2-D array of these basic elements.

V. TETHER

Tethers are used to tow acoustic detector arrays behind

surface ships and submarines. The basic idea is to have the

listening device as far away from the noise of the towing ship

as possible. Distances in excess of 6000 yd are sometimes

used. The cables that are used for this application must be

strong enough to overcome the tremendous drag on itself and

the detectors. Hence they are typically l-in diameter cables

and when rolled up on the stern of a surface ship are very con-

spicuous and heavy. Besides providing the towing function

for the detectors the cable must provide electrical conductors

for power signal transmission. Since the loss per unit length

of coaxial cable is a function of its diameter, this accounts for

the large diameter of the tether. Further, to extend the length

of the cable the diameter of the coaxial line must increase to

maintain the signal. This requires the diameter of the entire

cable to increase and therefore increase the drag. Hence it

must be made stronger. The effect is not linear and represents

a major problem. In short, the major problem areas are weight

and size of the cable necessary for sufficient data rate handling

capability.

Tethers are also used for guided ordnance delivery. A

tether is the only possible guidance approach for a long-range

torpedo. Midcourse guidance must be provided until the tar-

get is within range of the sensitivity limited acoustic sensors

carried by the torpedo.

Above-the-water missiles also use a tether as a guidance

command link. A wire guided approach has proven far more

reliable than the free-space I R optical links. Tethered links

are, of course, not susceptible to jamming. For ordnance ap-

plications the data rates are small =10 kb/s (unless images

are transmitted back to the launcher), but the required

lengths are several miles. Any new technology which reduces

the size and weight of tethers could open up new realms of

performance for such ordnance.

OIT is a possible solution to the tether problems. Glass

fiber waveguides are not only lighter than coaxial cables, but

smaller in diameter. The fiber bundle itself can be less than

1 mm in diameter. This means that the tether can have a

smaller diameter for less drag and a smaller weight per unit

length. The reduction in overall diameter of an armored cable

should be at least a factor of 2. The total volume of reeled

cable would be smaller and less conspicuous. The introduction

of this technology for tether application must await the de-

velopment of manufacturing techniques to make truly long,

low-loss fiber bundles.

This application of OIT is basically a very long point-to-

point communication problem. For acoustic arrays the in-

formation capacity requirement is 10 Mb/s at maximum. Sig-

nals for N sensors must be processed and converted to optical

signals. At the other end the signals must be detected and

demultiplexed into N channels of information. This communi-

cation link requires a low-loss very long multimode optical

767
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MULTIMODE FIBER 13uNCLE [

Fig. 6. First-generation tether demonstration.

fiber bundle with low numerical aperture to avoid geometrical

dispersion effects which limit bandwidth for long lengths. A

numerical aperture of wO. 1 would be compatible with laser

diode sources and would allow for a bit rate of 10 Mt}/s for

lengths up to 3000 m. Laser sources would be needed for effi-

cient input coupling (diode lasers operating CW at room tem-

perature exist at present on a laboratory basis). Assuming a

transmission loss of 25 dB/km (20 dB/km has ah-ead:y been

observed in short lengths of fiber with NA =0.1), a length of

3000 ti represents an overall loss of 75 dB. Use of avalanche

diode detection would place a minimum requirement on the

diode laser of ~200-mW output power for a 10-Mb/s ca-

pacity. This should be feasible with development: however,

for first-generation systems a bandwidth of 500 kHz will ease

the source requirements to the 10-mW region.

If losses are increased, spectral multiplexing will be re-

quired to reduce the bandwidth and retain the information

capacity. An alternative to spectral multiplexing is the use of

a repeater or repeaters along the line to maintain the signal.

The repeater could use IOC components to avoid a large

package and the extra drag and weight. Also the spectral

multiplexing would be accomplished either by separate laser

sources into different parts of the fiber bundle immediately

followed by a “scrambler” or an IOC with several sources, a

spatial mixer, and IO C–fiber coupler. Similar concepts would

apply at the receiver end of the line. The components and

details of a first-generation approach to this problem are

given below.

The first-generation system is shown in Fig. 6. It is a point-

to-point optical fiber communication link with 500-kHz band-

width (S/N = 8). There is a total length of 3000 yd. The trans-

mitter consists of a single laser diode end coupled to the fiber

bundle. The receiver is a single avalanche diode. The goals

required for this demonstration are: 1) continuous 10W-1OSS

fiber bundle ( <25 dB/km) of 3000-m length and numerical

aperture of <0.2; and 2) minimize the input and output cou-

pling losses by design of an appropriate mechanical cou pier. A

laser diode with 10 mW of output power could suffice.

VI. OPTICAL PHASE FRONT CONTROL

Electromagnetic phase front control has been extensively

used in the microwave region to provide electronically con-

trolled beam steering and beam forming. Indeed the lphased

array antenna has provided a beam-steering agility which

would be impossible by mechanical means. The application of

such techniques at optical frequencies could alleviate many

pointing and deflection problems associated with the use of

laser beams.

The usual phased array antenna consists of an NX N array

of radiating apertures, each 1/2 h apart and whose phases and

amplitudes are electronically controlled. The minimum beam-

width from such an antenna is approximately r/N racl which

can be scanned over w rad. IOC with batch processing:; could

provide the high density of phase-controlled apertures re-

quired at optical frequencies; but no matter how the phased
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array was configured beam steering would be limited to NX N

resolutions elements. There is a strong tradeoff between beam

size and maximum deflection angle. Even for a large number

of phase-controlled apertures ( 104) a milliradian beam could

only be deflected over 5°.

For high-resolution scanning applications, with larger

numbers of resolution elements, one would like to design a

nearly continuous antenna, The continuous antenna must

have a capability of varying the phase across the beam in

any desired fashion.

Using IOC technology, an optical antenna that will act as

a nearly continuous antenna (the number of elements ap-

proaching infinity) is shown in Fig. 7. An input laser is coupled

into a waveguide which has electrooptic capabilities. On this

waveguide are placed 10 or more electrodes of precisely de-

termined shapes. These shapes are designed to modulate the

beam in a precise fashion. In particular, the modulation de-

fined by each electrode is described by a function that is ap-

proximately orthogonal to the other nine. By varying the

voltage across each of the electrodes, a quasi-continuous phase

shift may be impressed on the beam. The IOC will thus act as

a nearly continuous antenna, i.e., one which has an extremely

large number of antenna elements. Complete phase front con-

trol will be limited in this case by the closeness by which the

10 functions chosen approach a complete set, High-resolution

beam steering, however, can be accomplished with two modu-

lators.

Acoustooptic scattering of light in IOC is an alternate

means available for beam scanning. Through Bragg scattering,

the optical beam in the IOC may be directed into the Bragg

angle which is (acoustic) frequency dependent. Thus, with

careful design, continual scanning could be available through

this technique. However, there are several disadvantages of

this technique. 1) There are problems in launching acoustic-

surface waves with varying frequencies in IOC. Very high

frequencies are needed for appreciable deflection of visible

radiation (this problem is eased for 10.6 ~m). Good broad-

band interdigital transducers are not readily available. 2) The

angle between the incident light wave and the acoustic wave

must be varied as the acoustic frequency is changed for effi-

cient Bragg scattering. 3) The electronics associated with

acoustic-wave generation is quite bulky and conversion of

acoustic power to surface waves is generally inefficient.

4) Electrooptic switching offers much faster switching capa-

bilities. 5) Electrooptically controlled antenna offer better

resolution, more freedom for tailoring the output beam to the

desired pattern, and more compact packaging.

The technology necessary to construct the required IOC

is or will shortly be available. Waveguides (planar) for use in

IOC presently have losses of about 1 dB/cm. This magnitude

of loss is acceptable for the antenna array. Fabrication of

waveguide by ion implantation, ion exchange, sputtering, and

liquid epitaxy has been demonstrated. Passive thin-film opti-

cal elements such as lenses, prisms, etc., have been fabricated

and will find use in the present system (especially beam

spljtters). Construction of waveguides with l-pm resolution

has been demonstrated, and this will enable the construction

of the electrode shapes needed to define the modulation func-

tion, However, good endfire couplers have yet to be demon-

strated and thin-film lasers and amplifiers have only been
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Fig. 7. Schematic diagram of first-generation linear phased array.

developed in the visible. Electrooptic modulators have been

developed and demonstrated but these do not have the re-

quired degree of sophistication. These shortcomings, however,

are well within the scope of present technology.

The main use for optical antenna arrays is the control of

the radiation field they produce. Two important areas that

will use precise beam control are the following.

A. Display or Scanning Applications

Since the beam position is controlled by the element-to-

element phase shift, the beam maximum can be scanned by

electrooptically shifting the phase of the wavefront. This al-

lows scanning without changing the mechanical orientation of

the antenna, a practical consideration especially important in

applications where vibrations are present. The antenna in this

case can be rigidly mounted, thus avoiding misalignment

problems. Another important characteristic of this system is

that the number of resolution spots attainable from this type

of system, i.e., continuous-type antenna, is quite high because

the field may be extremely well defined and controlled. TV

quality displays require more than 105 resolution elements so

that the continuous antenna approach is the only one possible.

B. Beam Control

By varying the phases across the beam in the IOC it is

possible to tailor the resulting output beam to any desired

form, This is important in beam propagation applications

where atmospheric distortion of the propagating beam de-

stroys the beam quality. Atmospheric turbulence limits the

beam size to 0.5X 10–4 rad at sea level regardless of beam

aperture if phase front control is not employed. Beam control

is an important long-range goal for many military laser sys-

tems where the effectiveness of the system is reduced by beam

distortion. The phased array optical antenna concept, in con-

junction with beam feedback, makes it possible to continually

correct for atmospheric disturbance, thereby permitting the

transmission of optical beams with the desired optical quality

(W10-5 rad). Some beam-steering capability will also be avail-

able in a beam-control antenna system, Return beams can

also yield image resolution finer than the turbulence limit if

phase front control is introduced. Approximately 100 phase-

controlled antennas (10 X 10) should be able to obtain the

order of magnitude better beam quality than is generally de-

sired (0.5 X 101+0.5 X 106 rad). An IOC approach with dis-

creet modulators is also possible; however, the optimum ap-

proach may be to use a continuous antenna with the modula-

tors carefully designed to correct for typical distortions.

Power-handling problems in thin films will limit the use of

IOC to portions,of the transmitter chain where average power

is still modest.
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VII. SUMMARY

As seen from the above discussion there are a wide variety

of military applications for fiber optics and integrated optics

technology. The fiber optics application are certainly furthest

along in terms of practical development. However, future

generations of applications will almost certainly have inte-

grated optical circuits. Only then will the full potential ad-

vantages of this technology be realized.

This technological area is not without problems. There are

serious materials fabrication problems. Radiation sensitivity

of these optical materials is a potentially serious problem area

that has not been discussed.

It is probably fair to conclude that the military-related

applications of this technology are nearer term than those of

the telecommunication industry. Further, the impetus pro-

vided by military needs will lead to successful applications of

fiber optics and integrated optics in the near future.
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Faraday Optical Isolator/Gyrator Design in Planar

Dielectric Waveguide Form

JOHN WARNER

Invited Paper

Absfract—The possibilities of using the magnetic Faraday effect

to provide a planar dielectric waveguide isolator or circulator are
studied. At least two active elements which couple the TE and TM
waveguide modes are required. One of these is magnetooptic. Pre-
liminary design data for a dielectric waveguide isolator in which the
mode-converting media forms the substrate and top layer of a single

waveguide structure are reported. This design should prove more
practical than the optical tandem structures proposed previously.

1. INTRODUCTION

~ SSENTIAL to the proper development of integrated

_-Efoptical systems is the availability of the basic com-

ponents for providing sources, detectors, wa~,eguiding,

modulation, switching, etc. Switching and modulation may

be achieved by using electrooptic [1], acoustooptic [2] (both

bulk and surface wave), and magnetooptic [3] effects to

couple the TE and TM modes of waveguide propagation’ and

provide mode conversion. For example, amplitude modulation
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1 The eigenmodes of an isotropic planar dielectric waveguide structure
are TE, with the electric vector perpendicular to the plane normal, and
TM, with the magnetic vector so oriented.

may be achieved for a TE waveguide mode by applying an ac

field to an electrooptic material that forms part of the wave-

guide structure. There will be induced a variable coupling to

the TM mode, and the TE and TM intensities will fluctuate

in a complementary way. Most mode-conversion schemes are

reciprocal in the sense that the effects produced are not altered

by reversing the propagation. The exception to this is the

longitudinal magnetooptic or Faraday effect [4] (magrletiza-

tion parallel to propagation direction). Faraday rotation de-

vices [5] have been found particularly useful in microwave

waveguiding: they provide nonreciprocal transmission char-

acteristics that have been exploited to make isolators and

circulators invaluable to microwave circuitry.

In this paper we present a study of the problems and pos-

sible solutions for the fabrication of an optical planar-wave-

guide mode converter. It is nonreciprocal in that in the for:

ward direction there is complete mode conversion from TE to

Till and TM to TE, but in the reverse direction a TE, mode

will emerge as a TE mode. The nonreciprocity arises frclm the

Faraday effect. It is well known that a linearly polarized opti-

cal beam propagating along the magnetic-field direction in an

isotropic material finds its plane of polarization rotated as it

proceeds. The effect is largest in ferromagnetic materials.

Linearly polarized light behaves similarly in optically active

materials, but the magnetic effect is uniquely different in one

important respect: the “handedness” of the rotation is oppo-


