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ABSTRACT

This paper contains the results of a literature search and 

market survey to determine what work has been done on digitally 

modulated, ground based, free space optical communication systems, 

and to determine what systems are available commercially. Emphasis 

has been placed on low cost LED or laser diode systems, with the 

idea of possibly funding some future research and development in this 

area.

v



CHAPTER 1

INTRODUCTION

For several years, there has been a growing need to connect 

the computer facilities of the Optical Science Center with those of 

the Computer Center across the campus of The University of Arizona, at 

high data rates. A free space, digital, optical communication link is 

often viewed as the quickest and most cost-effective method of estab

lishing such an interface, due to the restrictions on microwave usage 

and the cost of multiple phone lines with the capacity of handling high 

data rates. In conjunction with this, several people in this department 

have wanted to design and build such a system.

This paper contains the results of: a search through the

literature to determine what prior research has been done in this area, 

and a survey of the market to find out if such a system can already be 

purchased at low cost. The literature search covered all the publications 

listed in Readers1 Guide to Periodical Literature, Applied Science and 

Technology Index, and The Engineering Index, plus any pertinent publica

tions referred to in the articles which were reviewed. The scope of 

papers covered in these three combined indexes is quite thorough and 

includes conferences as well as weekly, monthly, and yearly periodicals.

To the best of my knowledge, I have reviewed all papers on campus written 

in English back to 1965, that refer to experimental or operational.
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digitally modulated, ground based, free space optical communication 

systems. This includes many foreign publications which have been 

translated. The search was only conducted back to 1965, since very little 

experimental work had been done earlier in this area, and with the 

dramatic advancement in state-of-the-art lasers, modulators, and electron
ics, any system developed before 1965 would be out of date. Articles 

that may cover other experimental or operational systems, but were not 

available, are listed in Appendix A. .

The market survey covered companies listed in buyers' guides, 

advertisements, publications, and any others I was referred to, who 
might be marketing such a system. Emphasis was placed on systems selling 

for under or slightly over the $5000 range, with medium data rates of 

from 10 K to 100 Kbits/sec, and medium ranges of approximately 1 Km. Due 

to the cost and complexity of externally modulating CW or mode-locked 

lasers, LED or laser diode systems were expected to predominate, if any 

existed at all. Appendix B contains a list of the companies contacted.

Furthermore, in order to facilitate the future conduction of . 

research in this area, I have collected both the publications referenced 

in this paper and many others somewhat related. They are available in 

separately bound volumes in the Optical Science Center Library, and are 

listed in Appendix C under various categories, and in chronological order.

I proceed throughout the rest of this paper in chronological 

order also, beginning with the earliest experimental systems and ending ' 

with operational systems currently being marketed or under consideration 

to be marketed. LED and laser diode systems, however, are treated
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separately from systems utilizing other types of laser sources, as 
indicated in the Table of Contents.



CHAPTER 2

SYSTEMS IN THE LITERATURE USING 
LED OR LASER DIODE SOURCES

By considering only free space, ground based optical communica

tion systems, we eliminate the huge amount of literature on fiber-optic 

systems and space systems. The relatively smaller number of atmospheric 

systems is specifically due to distortion effects of the atmosphere that 

severely reduce the transmitting range. As a result, the main emphasis 

in research has been towards fiber optics for terrestial use, and high 

power systems for space communications. However, there is still a 

limited need for short range, medium data rate links, and the atmospheric 

distortion effects have been partially solved by using pulse and digital 

modulation techniques, as evidenced in the following systems.

In 1963, IBM demonstrated that the effects of atmospheric 

scintillation on laser modulation could be overcome through pulse-rate 

modulation (PRM) of a GaAs injection laser. The center frequency or 

pulse rate was 8 kHz with, a modulation bandwidth of approximately 6 kHz 

for voice.1 At the 1967 Expo in Montreal, Canada, IBM demonstrated a 

GaAs LED system. It transmitted binary data and video information 

simultaneously oyer 700 meters at a 1.3 MHz data rate. Frequency-shift 

keying (FSK/AM) modulation was used for data transmission, with a one 

state represented by a 16 MHz sinusoidal burst and a zero by a 10 MHz



burst. The video signal was imposed on a 5 MHz subcarrier., and then 
both formats were combined to intensity modulate the LED. An F/2.5 
achromat lens was used to collimate the transmitted beam, and a 30 Cm 

parabolic mirror with a 23 cm focal length combined with a Schott RC10 

glass filter and EG § G SGD100 silicon photodiode detector made up the 
receiver.^

IBM also tested two other experimental links in 1967, which 

were tailored to interconnect two high-speed tape units. They differed 

only in their modulation formats, and used a GaAs LED which was fabricated 

in a paraboloid structure to get a 40° beam spread. An achromat F/2.5 

lens with a 15 inch focal length served as the collimator to yield a

2.5 milliradian beam width. The temperature of the LED was maintained 

at 10° C. The collector was a 12 inch parabolic mirror with a 9 inch focal 

length, and an EG & G SD100 photodiode was used as the detector. The tape 

units were connected to IBM 7711 data transmission units which in turn fed 

NRZ coded digital pulses to the optical data link. These were directly 

amplified by a driver circuit to pulse the GaAs LED with 300 mA at a 50% 

duty cycle, for 1 mWatt of transmitted power. The photodiode output was 

then boosted by a 1 MHz bandwidth amplifier, whose output went to another 

7711 data transmission unit and onto tape. During a 6 month operation, 

the system ran essentially error free over a 1300 foot path during good 

visibility, at a 163.2 Kbaud rate, and at a 763 Kbaud with an external 

clock. Attenuation due to rain and snow was less than 3 dB. As a com

parison, the link was also operated with FSK/AM modulation by converting 

the digital data to constant amplitude sine waves at 11 MHz and 14 MHz,



corresponding to a 1 and 0. A high error rate was obtained at 1 Mbaud 

due to time jitter, but performance was satisfactory at 763 Kbaud.^

In 1969, Santa Barbara Research Center in Los Angeles developed 

a GaAs laser diode system that would transmit voice or digital data over 

6 miles. It used pulse frequency modulation (PFM), a 2 watt peak power 

laser, and weighed 5h lbs. The basic designs were a short range, wide 

angle voice communicator, and a long range, 5 milliradian beam divergence, 

voice or data link. A 1000 Hz tone burst was available for alignment 

ease, and one inch lenses were used in both the transmitter and
receiver.

’’Machine Design" reported in January 1970 on an optical commu

nication system linking two computers across the University of Colorado's 

campus.^ Developed by Dr. Baird and some of his graduate students, it 

was later reported on in 1974 at the proceedings of the National Electronic 

Conference.  ̂ it uses a T1XL-27 GaAs LED with a low magnification plastic 

lens in direct contact with it. Rated at 300 mA through a junction of 

0.015" x 0.015", it had the highest optical power density available at 

that time. A HP5082-4200 series PIN photodiode with a 0.010" active area 

is used as the detector together with a FET preamp. (Schematics are 

given for the detector and preamp circuits on page 177 of Dr. Baird’s 

paper.) Six inch plano-hypervolic lenses are used for the collimator and
O

collector, with 16 inch focal lengths. A 2400 A spectral filter is used 

to reduce background noise, by utilizing a combination of the IR cutoff 

limit of the detector and a type 87 Wratten gelatin filter. Pulsed at 

its rated 300 milliarnps, the LED system operates at 40.8 Kbits/sec over



a 1 Km range. Effects of atmospheric conditions are very small, and its 

reliability is claimed to be very good, with less down time than the 
computers. The system is still in operation and another duplex link has 

also been added. The method of modulation was not specified in the 

literature. System development is said to have cost $6000, while all the 
parts could be purchased for under $500.

1970 seemed to be the year when component technology had reached 

the point where short range, atmospheric optical communications looked 

very promising, because a multiplicity of optical links were reported on 

in that year, with companies set up to market many of them. This was 

true in the rest of the world as well. In Germany, the Research Institute 

of West Germany’s Association of Foundry Workers developed an optical link 

to communicate with some of their heavy equipment where radio or cables 

were impractical. Using a GaAs LED at 0.9 pm, and 10 to 20 mW of trans

mitted power, simultaneous transmission of voice and data was. possible 

through heavy smoke and dust up to 500 yds, with signal strength reduced 

more than 96%. PFM coding was used along with frequency multiplexing.

PFM was chosen due to its simple circuitry and high noise immunity. The 

input signal was fed to an astable multivibrator which served as a voltage 

to frequency converter, and provided a 50 kHz unmodulated train of pulses. 

This was modulated between 40 to 60 kHz for a 11 kHz bandwidth. The 

converter output was then amplified, fed to a pulse transformer, and on 

to the GaAs LED. An 8 inch parabolic mirror collimated the beam, and it 

was collected by a 12 inch one with a silicon photodiode as the detector. 

The photodiode output is amplified, differentiated, and then fed to a low 

pass filter for demodulation.8



Holobearn published a report, on its GaAs laser diode system in 

1970. At 0.905 pm, the peak energy density level was limited to 

0.7 x 10“7 joules/cm2 to prevent eye damage. A 2" focal length doublet 

lens was used in the transmitter which put out 8 watts (2/3 of the 

laser's power output). No collection lens was used with the. large area 
(1.25 cm2) photodiode. A 10 mile range was claimed with a 1 milliradian 

beam spread, and a 250 ft. range with a 300 milliradian beam spread.

Pulse position modulation (PPM) was selected for the following reasons: 

fewer atmospheric problems compared to amplitude modulation, pulse 

width modulation (PWM) was susceptible to over 10% variation in pulse 

widths due to temperature variations, pulse code modulation (PCM) required 

complex circuitry and longer design time, low harmonic distortion (less 

than 2% out to 3 KHz), lower power requirements, FM required high frequency 

diodes for same fidelity level, and no analog to digital-digital to analog 

converting was necessary for audio transmission. The threshold voltage 

setting of the receiver was set above the random background noise, and 

was the limiting sensitivity factor.

Computer Transmission Corporation had an optical communication 

link ready for the market around 1970 called Optran. Using a 9400 A 
wavelength LED, it had a 250 ft. to % mile range. The power output was 

held below 10 uwatts/cm2 for eye safety. It had TTL emphasis with five 

input/outputs: send data, serial clock transmit, receive data, serial

clock receive, data set ready. It came mounted on a pedestal with 360° 

of rotation and 30° of elevation. A telescope sight was included for 

alignment. It sold for approximately $3000, for a simplex link with a 
50 Kbit/sec data rate.



Martin Marietta Corporation was reported to have been developing 

a GaAs laser diode link in 1970 also. It was to have had a 5 watt output 

with 30 nsec pulses. It used a silicon photodiode detector with an 

expected 100 to 500 Kbit/sec data rate. The range was not specified. It 

was either later dropped, or assumed by International Laser Systems
when they split off from Martin Marietta

Nippon Electric from Japan announced a 300 Kbit/sec GaAs laser 

diode link late in 1971. They claimed 99% free operation for a 3 Km 

range, and 99.9% error free operation for a 1 Km range. It put out 

0.5 watts peak power, with 20 nanOsec pulses and 20 psec between pulses 

for a 0.1% duty cycle. The data rate was limited to 50 Kbits/sec with 

standard on/off modulation, so Nippon used differential pulse position 

modulation (DPPM), which is very similar to M-ary PPM but eliminates the 

need for noninformation pulses like synchronization. By dividing each 

20 ysec interval into 64 equal length time slots into which a pulse 

could be placed, the data rate was raised to 300 Kbits/sec. A coated 

camera telephoto lens was used to transmit, and a fresnel lens received 

the signals. The $10,000 price for the equipment included a coder, 

decoder, laser transmitter, avalanche photodiode, receiver, and trans
mitting and receiving a n t e n n a s . 13,14

The Russians, at about the same time, reported on a GaAs injection 

laser link with a 5 Km range. Operating on a 30-50 amp current threshold, 

it had 4 watts of pulse output power at room temperature. It used 0.15-0.2 

ysec pulses at a wavelength of 0.9 ym. PPM was used with a center fre

quency of 6 kHz, and it had a reproducible frequency range of 250-2500 Hz
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audio. It used a FTG-3 phototransistor as a detector, had a 6 power 
sighting tube for alignment, and weighed 2 Kg .15

The Aerotherm Corporation reported on a LED System it had 

designed and built for short range smoke filled environments. Designed 

to operate over 250 feet, it used a 10 mWatt LED and a silicon photodiode. 

PFM was used with a center frequency of 100 kHz, and a signal bandwidth 

of 20 Hz to 4 kHz audio. (Although this system and a few others I've 

cited do not have strict digital coding formats, the pulse modulation 

techniques can be used just as easily for digital as analog transmission, 

with no difference in error rates.) A 100 mm diameter, 25 mm focal . 

length parabolic reflector is used to transmit the beam with a 5° diver

gence. And a 10 cm diameter, 7 cm focal length fresnel lens collects it 

with a 4° field of view.^

An optical communications link designed by a company most 

likely set up specifically for the purpose of marketing it. Optical 

Communications Inc., was described briefly by IEEE Spectrum in August 

1973 as an "alternative to wire communications"^^ for computer to 

computer transmission over short distances, "especially in densely- 

populated urban a r e a s . U s i n g  a pulsed, GaAs laser diode source, 

data rates up to 1.5 Mbits/sec are claimed to be reliable over a 1 mile 

path. Intended as a full duplex unit, the transmitter and receiver are 

both mounted in a single case. The electronics for the interface 

circuitry, timing, framing, and diagnostics are contained in a separate 

case. Detection is accomplished by means of a silicon PIN photodiode, 

whose output goes to a high gain, low. noise preamp with a wide dynamic



range. An age/limiter amplifier is followed by.line drivers, and then 

logic circuits recover the timing, framing, and digital dataJ?

Using an experimental optical link to test the validity of
theoretical design equations,. S. Cowen and D. Campbell 1-8 listed the 

parameters of a GaAs laser diode, avalanche silicon detector system.

Peak power output was 10 watts with a 5 mR beam divergence. The receiver 

used a 2.5" lens for a 5 mR field of view. A 150 A optical bandpass 

filter was used to reduce background. Test results showed a S/N of

110.6 over a 10 mile range with 10 mile visibility, and a S/N of 39.4 -

with a 4 mile visibility if the beam divergence and field of view were 

reduced to 2 mR. These signal to noise ratios are well above those 

needed by other systems to obtain low error rates, and so we can conclude

that this system would also yield reliable data transmission results.
In 1974, International Laser Systems published an extensive

paper on a laser diode system it had designed for the Army.19 Using a 

GaAs single heterojunction injection laser source and an avalanche 

silicon photodiode detector, it was a full duplex data and voice trans

mission link with a 200 Kbit/sec data rate. Over a 3 Km path, it had no 

more than 10-6 probability of error under atmospheric conditions ranging 

from clear weather to 10 dB/Km fades or attenuation. This required a S/N 

of approximately 20 dB, which corresponded to a minimum detected signal 

strength of about 6 x 10~8 Watts under normal background conditions.

(This mimimum signal strength turned out to be 2 to 2.5 times as much as 

the calculated theoretical mimimum.) By reducing the range to 1 Km, the 

S/N was increased to 60 dB. The laser diode was temperature controlled, 

and received a 30 amp, 15 nsec current pulse from the modulator. At a



0.903 ym wavelength, the possible peak output was 10 W, with the average 

transmitted power at 10 mW. The laser output was coupled to the back focal 

plane of a 2 inch diameter, acrylic methyl methacrylate asperic lens, with 

a 2 inch focal length, through a 10 mil optical fiber. This resulted in 

a 5 mR beam divergence. The receiving optics consisted of a 4 inch 

diameter acrylic fresnel lens, an auxiliary field lens, and a 100 A pass- 

hand interference filter. The field of view was either 5 mR or 10 mR 
depending on the choice of field lens. An automatic gain control feed

back loop and limiting amplifier were incorporated into the receiver elec

tronics and are described in detail on page 405 of the paper. The system 

provided background limited operation under normal daylight conditions.

Both a transmitter and a receiver were mounted together in a 7" x 7" x 7.5" 

box, and an 8 power monocular with a reticle was included for alignment.

A 1.5 Mbit/sec GaAs laser diode system manufactured by American 

Laser Systems was briefly described in the new products Section of the 

March 20, 1975 issue of Electronics.̂  With a 9000 A wavelength, the 

system was supposed to have a 99% reliability at 3 miles and a reasonable 

maximum range of 10 miles. It accepted digital data of an analog voice 

channel which was then digitized for transmission. The transmitter put 

out 1.5 watt, 10 nanosecond pulses, and had a 1.5% maximum duty cycle. 

Operating on c-mos logic levels,the transmitter triggered on the leading 

edge of a rising input pulse. Minor modifications were required to accom

modate TTL. Transmitters and receivers came mounted separately and a 

simplex sold complete with optics, electronics, and alignment accessories 

for $2500.



13
Popular Electronics literally gives the complete plans, 

including schematics and parts lists, for an infrared optical communica

tions link in its July 1975 i s s u e . I t  uses a laser diode pulsed with 

5 amp currents for 50 nsec, and a PIN photodiode detector. It employs 

PPM techniques with a center frequency around 20 kHz, and is intended 

primarily for audio transmission. However, as mentioned before, digital 

data can be transmitted just as easily by PPM as audio. Transmitter out

put is a few hundred milliwatts, and the range is supposed to be 1 Km with 

a 2 inch diameter, 4% inch f.l. plastic receiver lens.

Again in its May 1976 issue. Popular Electronics published plans 

for an IR communicator^2 Only this time, the system used a GaAsSi LED 

and a simple silicon solar cell detector. The LED is pulsed for 1 ysec 
with 150 mA, at a 10 kHz PPM center frequency. With about 8 mW of 

output power, the range is approximately 100 meters.

In 1974, a prototype IR system was built in Japan and field 

tested over the next several years. The results published in 1977 were 

intended primarily to be used in designing and optimizing a commercial 
system, but also give an idea of system performance. The link used a laser 

diode transmitter and an avalanche photodiode detector. Pulse position 

modulation (PPM) was used to transmit 4 MHz color television and voice 

signals simultaneously, and differential pulse position modulation (DPPM) 

was used to transmit 120 telephone channels. A 10~6 bit error rate was 

achieved with 6.3 Mbit/sec transmission, for -43 dBm threshold levels.

For a 2.7 Km range, the probability of the error rate being greater than 
this was 1.5%.



CHAPTER 3

SYSTEMS IN THE LITERATURE USING 
OTHER TYPES OF LASER SOURCES

Although the main effort in short range, atmospheric, optical . 
communication systems has been directed towards using LEDs and laser 

diodes as sources, there have been a number of systems designed around 

other lasers such as the helium-neon laser. In contrast to the direct 

modulation methods used to pulse the semiconductor sources, almost all 

the communication systems discussed in this chapter use some form of mod

ulation external to the laser source.

Pulse code modulation (PCM) was first used in 1966 with a HeNe 

laser and an Argon ion laser. "Both systems utilized orthogonal polar

ization modulation with balanced photomultiplier detectors to obtain 

symmetrical binary detection to help reduce the effects of atmospheric 

turbulence.

The HeNe system was built by ITT Federal Laboratories for the 

NASA Marshall Space Flight Center, and used the 0.6328 pm wavelength. It 

put out 5 mW of power, and was modulated by a KDP crystal at 30 Mbit/sec. 

It had a bit error rate less than 10~6 for .a. 10 MHz base bandwidth over a 

5 mile range.1

The Argon system was built by Hughes for the NASA Manned Space

craft Center. It used either the 0.4880 pm or the 0.5154 pm wavelength 

and had an output power of 5 watts. It used a KDP modulator, and for the

14
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same bit rate as the HeNe, but over a 4.2 mile path> yielded a 50 dB 

system margin over that necessary for a 10"6 error rate.1
Hughes built another system for the NASA Manned Spacecraft 

Center in 1967 using an intracavity modulated HeNe. The laser used the 

3.39 pm wavelength and had an output power of 2 mW. A gallium arsenide 

crystal located inside the cavity, amplitude modulated the beam by 

coupling intracavity energy off of a Brewster plate. Frequency shift- 

keying (FSK) of an FM subcarrier with a center frequency of about 125 MHz 

was used with PCM coding. The nonreturn to zero bit rate was 50 Mbit/sec 

over 1 mile. An indium arsenide photodiode served as the detector.* '

In 1968, Bell Labs reported on an experimental mode locked HeNe 

system it had tested in its labs. A lithium tantalate crystal was used 

to rotate the 0.9 nsec pulses from the laser by 90° in polarization, and 

an output prism was used as a discrimator. PCM coding was used with the 

presence of a pulse representing a one, and the absence of a pulse repre

senting a zero. With 6 milliwatts of peak output power, the system was 

capable of transmitting a single 224 MHz channel, or 4 multiplexed channels 

for a bandwidth of 896 MHz. The detector was a germanium avalanche
photodiode.23,24

Japan Telegraph and Telephone Public Corporation reported on a 

mode locked HeNe system it had developed, at an IEEE conference in 1969.

The 100 million light pulses per second were intensity modulated by a 

LiTaOg crystal, and detected by a Si photodiode. A 100 Mhz clock signal 

had to be supplied externally for the experimental system. Both AM and 

PCM coding were tried with pulse error rates less than lO-9 in the lab. 

Pulse width was 1.0 nsec, with a 100 mW peak output. The 0.6328 pm
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wavelength was used. Information on possible extended range tests is 

not given.

One of the more unusual systems was built by Acoustifone Corpo
ration for 3 kHz bandwidth voice communication.^ With an audio input 

sampled at a 6.25 kHz rate and converted into a four bit pulse code, an 

Argon gas laser was pulsed at 37.5 kHz. In order to pulse the laser at 

this rate, a 0.5 ysec light pulse was used, which required an optimum 

pressure of 20 pHg and a 23 amp peak current input. "The five strong 

argon lines of 5145, 5017, 4965, 4880, and 4765 radiated from a confocal 

cavity using an air-cooled fused quartz tube whose active length is 14% 

inches. The gas was ionized with a 6 kV pulse applied to a coil of wire 

wrapped around the quartz tube. Both ends of the tube were connected to 

a gas reservoir to reduce gas pumping problems. A hot cathode with a 

capacitor at the anode provided the pulsed current to excite the plasma.

Output was about 1 watt peak power, and was detected by a vacuum photo

tube. Across a 500 foot path, the only detectable noise was that introduced 

by the encoder and decoder.

In 1969, Nippon Electric Co. installed and began operating a four 

leg, two way laser communication link between Yokohama and Tamagawa, Japan, 

over a total distance of 14 km. The longest segment of the link was 

4.2 km. Two HeNe lasers serve as the transmitters and operate in normal 

and standby channels. They are mode locked and use the 0.6328 ym line. 

Amplitude PCM is accomplished with lithium tantalate crystals at a

123.5 Mbit/sec data rate. Receiving power levels may reach -36.5 dBm with 

the system still maintaining a lO-6 error rate. Operational reliability is
99% for 24 hour operation and 99.6% for business h o u r s . 1)26
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In 1970, HeNe links were being offered commercially by Quantronix 

Corporation and by Georgetown Instruments. Both used acousto-optic 

modulators and had 1.5 mile ranges.^^ I've been unable to find out any 

more information than this on them.

Hughes, at about this same time, had developed a ruggedized 

HeNe heterodyne unit for field use. With a 1 milliwatt output, it had 

a 1 to 3 mile range. The error rate was below I0"6 at 50 Mbit/sec, and 

receiver sensitivity was essentially ideal. Either digital or analog 
transmission was possible.12

Much of the effort with externally modulated lasers seems to 

be towards very high data rate communications. Such systems are usually 

laboratory based and do not attempt extended range tests under outdoor 

conditions. One of these is a Bell Labs experiment using a LiTaO rod 

to modulate an Argon laser at 1 Gbit/sec with 4 channels being multiplexed. 

The laser is held to single frequency operation, and a silicon avalanche

diode acts as the detector. S/N. was greater than 20 dB using PCM.27 

Another similar system was tested by McDonnell Douglas 

Astronautics Co. They multiplexed two television channels at 100 Mbit/sec 

with mode locked HeNe lasers and LiNbOg crystals. A dynamic crossed field 
photomultiplier was used as a detector. Background discrimination through 

the uses of internal gating techniques was very effective and resulted in 

an error rate of 10-8 for optical signal levels above 60 photoelectrons/
Qpulse. No attempt was made to correspond this received power level with 

any particular range.28



Siemens came up with a unique approach in 1971 to connect two
of their plants in Munich, Germany. They used a CO2 laser with a 5 watt

output. It was intensity modulated by a GaAs crystal and achieved excel*-

lent communications over a 3.4 mile link, even with as much as 8 dB/Km

attenuation. To do this, the link used Cassegrain telescopes with 14 inch

diameter mirrors in both the transmitter and the receiver. The beam

width is allowed to expand to 6 feet by the time it reaches the detector.

The detector is a "germanium semiconductor type doped with gold atoms
2 Qand cooled by liquid nitrogen."

Again in 1972, the Nippon Electric Company in Japan published a 

report on a 123 Mbit/sec atmospheric link. Using a HeNe laser as before, 

99% reliability over 2.7 m was obtained. With a 1 milliwatt transmitter 

output, a 10-6 error rate was obtainable with a threshold level of -38 dBm. 

A LiTaOg optical modulator was used to rotate the polarization of the 

optical pulses. The link used a "PCM-AM modulation system, which ampli

tude modulates the envelope of an optical pulse with a PCM signal having 

a bit rate of less than half of the longitudinal mode spacing of the 
laser r e s onator."30 The longitudinal mode spacing was 300 MHz. A 45 cm 

diameter fresnel lens in conjunction with an avalanche photodiode 

detected the Signals.^

An operational data link connecting two computers at the Case 

Western Reserve University in Cleveland, Ohio, was noted in 1969?^

Little information was given except that it was a HeNe system operating 

over 1000 feet and carrying information at 15 times the capacity of a 

phone line. Then in 1974 a paper was published on the same system after 

it had been further engineered and marketed by Laser Communications Inc



As such it was capable of 10 to 1000 Kbit/sec over ranges from a few 
hundred feet to several miles. It used a 4 milliwatt HeNe at 0.6328 pm, 

and had an electro-optic crystal for a modulator. Binary information was 

impressed onto the optical carrier by frequency-shift-keying (FSK) of an 

FM subcarrier and thereby eliminated the need to transmit a reference or

clock pulse. The receiver used an F/1.25, 10 inch diameter Fresnel lens

corrected for spherical aberration. The 8 mR full angle field of view 

was collimated and imaged on a PMT through a 30 A bandpass filter. AGC 
regulation of the anode current through the PMT, resulted in a 40 dB 

effective level compression to compensate for atmospheric scintillation 

and provide for sufficient shot noise limited gain. A 10 Kbit/sec indus

trial system has a record of virtually error free (10-®) performance 
down to -65 dB of the transmitted power.

Metrologic Instruments makes an internally modulated HeNe with 

a 0.75 MHz bandwidth. Modulation is only 15% of the normal 0.5 milliwatt

output power, but acceptable voice communication as well as limited

video and data transmission is possible over short distances. Nadhir Kosa 

set up a pulsed audio link within the laboratory confines of the Optical 

Science Center at the University of Arizona a couple of years ago. Since 

the laser accepts TTL inputs and has a flat frequency response up to 

about 30 kHz, an audio signal was converted to PFM by use of a voltage to 

frequency converter centered, at 7.4 kHz. The beam width was expanded 

from 1 mm to 1.5 cm for transmission and detected by a 6 cm diameter,

13 cm focal length lens in conjunction with a red filter and a photodiode. 

Good response was obtained over a 100 meter range. For a summary of 

Chapters 2 and 3, see Table I.



TABLE I. Optical Communication Systems From Chapters 2 and 3

Year
Published

Light
Source Power

Wavelength
(pm)

Modulation
Format Range

Bandwidth
or

Data Rate
Detector
Type

Experimental
or

Operational
Error
Rate

1966 HeNe 5mW 0.6328 PCM/polarization 8 km 30 Mbits/s PMT 0 10-6
1966 Argon 5W 0.4880 PCM/polarization 7 km 30 Mbits/s PMT 0 10-8*
1967 LED FSK/AM 700 m 1.3 MHz photodiode 0
1967 LED ImW NRZ 400 m 163.2 Kbaud/s photodiode E
1968 HeNe 6mW PCM/polarization 896 MHz avalanche photodiode E
1969 HeNe . lOOmW peak 0.6328 ' PCM 100 Mbits/s photodiode E 10-9
1969 Laser Diode 2W peak PFM 9 km
1969 Argon 1W peak PCM 150 m 3 kHz PMT E
1969 HeNe .0.6328 4.2 km 123.5 Mbits/s 0 10-6
1970 LED 1 km 40.8 Kbits/s PIN photodiode 0
1970 LED 20mW 0.9 PFM 500 m 11 kHz photodiode 0
1970 Laser Diode 8W peak 0.905 PPM 16 km 0
1970 ‘ LED 0.940 0.8 km 50 Kbits/s photodiode o
1970 Laser Diode 5W peak 100 Kbits/s E
1970 HeNe 2.4 km 0
1970 HeNe ImW 5 km 50 Mbits/s . heterodyne 0 10-6
1970 Argon PCM 1 Gbits/s avalanche photodiode E
1970 HeNe 100 Mbits/s PMT . E 10-8
1971 C02 5W 5.4 km photodiode 0
1972 • Laser Diode 0.5W peak 3 km ' 300 Kbits/s 0
1972 Laser Diode 4W peak 0.9pm PFM * 5 km 2500 Hz phototransistor
1972 LED lOmW PFM 75 m 4 kHz photodiode 0
1972 HeNe ImW PCM/AM 2.7 km 123 Mbits/s avalanche photodiode 0 10-8
1973 Laser Diode 1.5 km 1.5 Mbits/s PIN photodiode 0
1974 . Laser Diode 10W peak 16 km avalanche photodiode E 10-8*
1974 Laser Diode 10W peak 0.903 3 km 200 Kbits/s 0 10-6
1974 HeNe 4mW 0.6328 FSK/AM ~5 km 1 Mbits/s PMT 0 10-6*
1975 Laser Diode 1.5W peak 0.9 16 km 0
1975 Laser Diode 3-OOmW* PFM , 1 km 6 kHz* PIN photodiode 0
1976 LED . 8mW PFM 160 km 3 kHz* silicon solar cell E •
1977 Laser Diode PPM 2.7 km 4 MHz avalanche photodiode E ID-6
1977 Laser Diode DPPM 2.7 km 6,3 Mbits/s avalanche photodiode E 10-8

*Estimate

NJO



CHAPTER 4

SYSTEMS BEING CURRENTLY MARKETED

There was a big flurry of activity in optical communication 

systems around 1970 and many firms seeing an ever increasing demand for 

atmospheric, short range optical systems at low cost, attempted to 

establish themselves in the market„ Apparently, the demand never mate

rialized because many of the systems have been withdrawn from production 

and some of the firms no longer exist.

The Optran system made by Computer Transmission Corporation in 

Los Angeles, and described in Chapter 2 of this paper, sold for $2900 as 

a simplex in the early 1970% but is no longer available. A company 

representative told me that they may reintroduce it if a sufficient 
market demand is found to exist now.

The Quantronix Corporation in Smithtown. New York, was offering 

a HeNe system in 1970 for $10,000, but cancelled the project due to a 

deficient market. Georgetown Instruments in Washington, D. C., was also 

offering a HeNe link in 1970, but cannot be found now, either in buyers1 

guides or in the phone book.

Two companies named Optronix and Saab were also mentioned in the 

literature as vendors of. optical links but apparently no longer exist or 

operate in that capacity.

Optical Communications Inc., in Orlando, Florida, offered a GaAs 

diode link in 1973, that is briefly described in Chapter 2 also. But it
21
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no longer exists„ Nor does Laser Communications, Inc., in Cleveland,
Ohio, who had offered a digital-analog HeNe link for sale.

At this point, by saying that some of these companies no longer 

exist, I mean that they can not be found through normal channels by a 

prospective buyer. I will admit the possibility that a few of them may 

still be around, but just not active.
Despite this rather drastic looking death rate for optical 

communication systems, there are still some very nice ones available 

to those having the need, and the price for a complete system hasn’t 

changed much over the past few years.

American Laser Systems in Santa Barbara, California, has one 

of the more extensive optical communication product lines. Model 736 

is a complete GaAs laser voice and data communicator. It has a 

10 Kbit/sec data rate and can be operated over ranges exceeding 15 miles. 

However, for 99% reliability, ranges must generally be restricted to less 

than 3 miles. (This depends on the location, of course.) The transmitter 

and receiver are mounted separately and can thus be used as a simplex 

system, a repeater, or duplex link. A ten power telescope as well as 

vertical and horizontal alignment mechanisms are included. Peak output 

power is 10 watts with a 100 nanosec pulse width, and a 0.9040 pm wave

length. Beam divergence is 2 mR, with optional 5 mR or 10 mR divergences 

available. The receiver has a 50 mm diameter aperture, and a 2 mR field 

of view. (Five mR and 10 mR options are again available.) The spectral 

bandpass is restricted to about 150 A. (See the review in Chapter 2 of 

this paper for additional information.) The system costs $4160 for a 

simplex, and $7920 for a duplex link. The inclusion of an audio..



capability is optional and will cost an additional $449 and $898 respec

tively, This will give one a 300 to 2300 Hz bandpass with pulse rate 

modulation (PRM) techniques, TTL compatibility is also optional, as is 

a RS 232C Synchronous/Asynchronous interface for another $723, However, 

if one wishes to do so, the GaAs laser driver module with driver charging 
supply can be ordered separately for $578 and $611 for 12 and 24 watt 

outputs. The silicon avalanche photodetector receiver and bias supply 

comes separately too for $473„ American Laser Systems also sells several 

other optical communication models which are designed primarily for TV 

and use analog modulation methods.

Some years ago, Electro-Optic Developments in England produced 

a 75 MHz bandwidth optical communications data link designated 

Model OTSIOO. It is no longer in production, but may still be available. 
It was intended for 200 meter ranges, and used a HeNe, 0.6328 pnQ laser 

with an electro-optic modulator. Output beam diameter was 10 mm with

0.7 mW of power and 0.15 mR of divergence. The detector was a silicon 

diode. Low noise analog or high speed digital data transmission was 

possible. I don't know what the price of the system was or may be now.
International Laser Systems manufactures several Short range 

optical links for indoor industrial use. Their Model DL-3 is designed 

for 9.6 Kbit/sec digital data transmission and is limited to ranges of 

10 to 700 feet. It uses a GaAs laser diode source and a PIN photodiode 

detector. No output power is mentioned in their brochures but it must be 

fairly low since the laser is operated CW. It uses a NRZ, asynchronous 

data format with a bit error rate less than 10-7. Beamwidth is 20 mR.
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Since the system is intended to be used in a duplex link, both a transmitter 

and a receiver are contained together as a single unit for easier on site 

alignment. The system interface is TTL compatible. ILS did not send me 

any price information.
An improved version of the digital data link that Dr. Baird 

had developed at the University of Colorado is now being offered 

commercially by International Technical Instruments. A single channel 

link. Model D, is currently being sold for $3000 a unit or $6000 for a 

full duplex system. And two multiple channel links. Model DS and Model DT, 

hope to be offered within 6 months. Each end of the link consists of a 

transceiver (integrally mounted transmitter and receiver) and a control 

unit which can be separated by several hundred feet for easier access.

Since this system is intended primarily for connecting computer facilities, 

its interface is the same as standard data sets. RS-232C is standard 

for data rates below 20 Kbit/sec and Bell series 300 is standard for 

higher data rates. TTL, RS-422, and RS-423 interfaces are optional.

Model D will transmit any asynchronous or standard synchronous rate up to 

250 Kbit/sec depending on the optics used, the transmission distance, 

and the desired error rate. Internal or external clocking is possible, 

and non-standard synchronous data rates are optional. The choice of 

optics includes 2, 4, or 8 inch aspheric lenses, with the 4 inch lens 

producing a 10“8 error rate at 50 Kbit/sec up to 1000 yards or twice the 

visual range. Four power telescopes are included for alignment, as are 

adjustable mounts.
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Meret Inc., also has a very extensive line in optical communica

tion products, ranging from components to complete systems for both fiber 

optic and free space transmission. Their Series MDL800 includes 6 

models of digital atmospheric links which have ranges that vary from 

50 m to 1000 m for an error rate less that 10“10. Digital rates from 

dc to 5 Mbits/sec are available depending on the range and stability 

of the mounting platform, and of course, the weather conditions it will 

be operated in. Receivers and transmitters come separately for either 

simplex, duplex or repeater use. The data format is TTL compatible. LEDs 

are the sources, and PIN photodiodes are the detectors. Prices range from 
$3000 to $9100.

Gordon Gould at Optelecon told me that although they don’t have 

specific models commercially available, they are thinking about doing 

so, and can put one together for a low price. It would be an LED link 

with fresnel lens collection, and be capable of transmitting 10 MHz over 

about 5 Km. The first link would cost $4500, and that price would drop 

to $1500 for a simplex or $2000 for a duplex if 10 or more were ordered. 

Input and output circuits for computer compatibility are not included at 

this price.
Power Technology Inc., makes the LC20 communicator which sells 

for $2915 per unit, with two units necessary for a duplex. The trans

mitter and receiver come together as a unit, and include a fully 

adjustable mount. Several models and configurations are available for 

either audio or digital transmission. A GaAs laser diode is the source 

and has a 0.9040 pm wavelength. A 10 watt output is standard but 25 watt
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or 75 watt outputs are optional. (Needless to say, at these power levels 

safety precautions are necessary to avoid eye damage.) Pulse width is 
100 nsec. Beam divergence is 2 mR and the receiver field of view is 10 mR„ 

A 20 run bandpass filter is used to limit background noise. The maximum 

data rate is 10 Kbits/sec, and ranges greater than 20 miles are possible. 

Digital input and output is compatible with National Semiconductor's 

DM7830/DM8830 line driver and DM7820/DM8820 line receiver.
The Santa Barbara Research Center has a digital Modem called 

Lase-A-Plex which interfaces with their long range IR GaAs laser commu

nicator, and allows up to 128 different and non-synchronous data channels 

to be transmitted in either direction simultaneously. There are basically 

two communication models, one is a hand held unit (Model 46352D) and the 

other is a longer range unit needing a stable platform (Model 32005).

The hand held model has a range of approximately 7 miles with 15 mile 

visibility, a 50 Kbit/sec maximum data rate, a 100 Hz to 2300 Hz voice 
bandwidth using pulse frequency modulation (PPM)., and uses a 20 watt 

peak power; 904 nm, GaAs laser diode source with a silicon photodiode 
detector. Model 32005 uses the same source and detector, but has a 25 

mile range with 5 mR beam divergence. The receiver field of view is 

10 mR with a 7.5 nm filter and 1 inch optics. The link has the same voice 

Characteristics as before and a data rate up to 1 Mbit/sec. The receiver 
and transmitter come separate. Model 32005B is basically the same thing 

except with a 1.7 mR divergence and a 40 mile range. The prices of these 

models are $20,000, $10,000, $10,000 respectively for full duplex links.
The multiplexer Lase-A-Plex has not been commercially priced yet.
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WEC Engineering, Inc. has an optical communication system but has 

not sent me any information on it despite my having asked them to do so 

twice. As far as I know, it's a GaAs system with 5 watts average power 

output and 200 nsec pulses. It has a 1 Km range and can't be pulsed 

faster than 1 K pulses/sec. It can use phase shift or pulse modulation 

and sells for $1200 for a simplex link, not including any optics.

Visual Methods, when I first called them, said that they didn't 
make an atmospheric optical communicator, and then at the very last 

moment, I received a xerox copy of a data sheet on one. It uses a 

GaAs laser diode at 905.0 nm, with an 8 watt peak power output. Pulse 

position modulation (PPM) is used, and a 10 Kbit/sec maximum data rate 

is available. It can be operated as a simplex or a duplex link over a 

16 Km range with a 5 mR beam divergence. An avalanche photo detector 

is used for the 16 Km range, and a PIN diode detector gives an 8 Km range. 

For a list of available or upcoming systems, see Table II.



TABLE II, Optical Communication Systems Being Marketed

Manufacturer Light Source Range

Bandwidth
or

Data Rate Detector
Error
Rate

Model
Designation Price

American Laser Systems GaAs laser diode >24 km 10 Kbits/s 736 $7920/duplex

International 
Laser Systems

GaAs laser diode 
(CW) 3-225 m 9.6 Kbits/s PIN photodiode 10"7 DL-3

International 
Technical Instruments GaAs LED ~1 km 250 Kbits/s max. -10-8 - D $6000/duplex

Meret, Inc. LED 50-1000 m 5 Mbits/s max. PIN photodiode -10-18 MDL800 Ser. $3-10K/duplex

Optelecon LED 5 km 10 MHz $2000/duplex*

Power Technology, Inc. GaAs laser diode >32 km 10 Kbits/s max. LC20 $2915/simplex

Santa Barbara 
Research Center GaAs laser diode 11-64 km 1 Mbits/s max; Si photodiode

46352D
32005
320058

$20,000
>$10,000

Visual
Methods GaAs laser diode 16 km 10 Kbits/s

avalanche
photodiode $10-12K/duplex

WEC Engineering,.Inc. GaAs diode 1 km 2 Kbits/s max. $1200/simplex**

* For orders of ten or more-Does not include input/outptit circuit compatibility for computers

** No optics included



CHAPTER 5

SUMMARY

In this paper I have only examined one small part of the 

growing field of optical communications, yet contrary to our initial 

expectation, much work has been done in developing atmospheric 

communication systems and some very good ones are available commercially.

All of this is a result of a need for an alternative to high 

cost multiple telephone lines or licensed microwave installation, and the 

improvement in technology which made optical communication begin to 

appear feasible in the early sixties. It was soon discovered that the

atmosphere imposed severe restrictions on the range and error rates due

to absorption, scattering, turbulence, refractive index variations, and 

scintillation. This effectively limited optical communication through the 

atmosphere to less than 100 miles, and to less than 1 mile for the large

bandwidth promised by light wave communication.

Atmospheric scintillation modulated the intensity of the beams 

from 1 to 200 Hz, and sudden deep fading often occurred due to beam wander 

and spreading caused by refractive index changes along the transmission 

path. As a result, "after the initial flurry of activity in 1962 and 

1963, it was realized that amplitude modulation (AM) of laser beams with 

analog information was not practical in the presence of atmospheric- 

turbulence n o i s e . T h e  search to overcome this noise led to placing the

29
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analog information on an FM subcarrier first, which in turn then modulated 

the intensity Of the laser beam. In this way, nonlinear operation of 
the system components, changes in the laser amplitude, and atmospheric 

effects were reduced in importance. It was also found that short pulse 

techniques with high peak powers were advantageous since temporal gating 

techniques were very effective in discriminating against atmospheric 

and background noise. With pulse modulation, a wide variety of coding 

formats were possible using both analog and digital inputs. Amplitude 

fluctuations didn't matter anymore except when they exceeded the dynamic 

capacity of the receiver or were attenuated to the point of becoming lost 

in the unfiltered background and detector noise. Digital coding formats, 

of course, fit in really nice with pulse modulation, and in addition, 

often have significant performance advantages over analog transmission, 

but require more complex circuitry and larger bandwidths„^6

Once modulation methods were found which were capable of 

overcoming atmospheric turbulence, attention was turned to finding the 

best light source. Each source had its own unique advantages, but in 

general, semiconductor laser diodes and LEDs became the prime source in 

low cost, medium data rate systems, while externally modulated CW and 

mode locked gas lasers began to predominate in the higher data rate uses 
where cost was less important. The disadvantages of the gas lasers are 

primarily the higher cost, greater bulk, high voltages, and large ineffi

ciencies in operating power. On the other hand, laser diodes and LEDs 

are low cost, have high efficiencies, require low operating voltages, 

are small, have a range of wavelengths, have long lifetimes, and can be
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directly modulated. Their primary disadvantages are in their divergence, 
wider spectral widths, and low duty cycles for high peak powers. In con

sidering whether to use a laser diode or an LED, we find that the laser 

diode is advantageous for longer ranges due to its much smaller divergence 

and much larger peak powers. It also has a much smaller spectral width 

and would allow better background noise filtering. However, the LED has 

higher duty cycles which are necessary for high data rates, longer life

times, and are cheaper.

Once a source was selected, the best detection method had to be 

found. The two basic types are heterodyne and direct detection. The 

basic question is whether or not the coherence of the light beam can be 

utilized for increased sensitivity and improved system performance.

While heterodyne detection offers a theoretical improvement in noise 

over direct detection, it is more difficult to implement due to the 

need for a local oscillator and stricter alignment requirements. In 

addition, the atmosphere perturbs the wavefront phase and directionality, 
making it even more difficult to keep the signal and local oscillator in 

phase across the detector surface. This limits the collection area of the 

receivers optics, which in turn reduces the number of collected signal 

photons.33 With these more severe operating conditions, and the reduction 

in noise possible by pulse modulation and spectral filters, direct 

detection has proved to be much more practical for operational systems.

Given direct detection as the more easily implemented approach, 

one must choose an appropriate detector. The most commonly used ones are 

the PIN photodiode, the avalanche photodiode, and the dynamic crossed 

field PMT. The PMT and avalanche diode are generally superior for high
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speed, low noise, and high gain. The PMT performs better in the visible 

range, but is out performed by the. diode in the near-IR range. In 

addition, the avalanche photodiode costs less, is much smaller, and op

erates on much lower voltages. The PIN diode has higher quantum 

efficiencies, is very linear in response over a large dynamic range, is 

cheaper than the other two, and requires less complex circuitry.^

Of those systems which have been made operational, GaAs 
laser diodes and LEDs are the most common sources, as are the semicon

ductor detectors. Data rates fall mostly between 10 to 100 Kbit/sec 

with 10~6 error rates, and the average range is around 1 mile. Ten to 

twenty miles is just about the maximum range from any system. Pulse 

modulation is used almost exclusively, with analog coding formats such 

as (PPM) and (PPM) being used for voice transmission, and various digital 

formats being used for data transmission.
On the basis of this literature search and market survey, it is 

my opinion that research in this area would result in duplication of work 
that has already been done elsewhere, unless the purpose of such research 

is to test new coding formats, or to develop a complete link that would 

sell for less than $1000 for one way communication ($2000 for two way 

communication). As for our own needs of being able to connect the 

computers in the Optical Science Center with those in the Computer Center, 

it is my belief that a simple GaAs LED-PIN photodiode duplex digital 

link could be designed and built from the information in just a few of 

the articles I’ve listed in Appendix C, for a few hundred dollars in 

parts. Here in Tucson, the system availability would be quite high.



APPENDIX A

PERTINENT UNREVIEWED ARTICLES

"Optical Communication Using Semi-Conductor Lamps as Transmitter" 
Australian Telecommunication, vol. 3, no. 1, May 1969, pp. 10-7.

"Diodes Challenge Light Link Lasers"
Electronics, vol. 46, Sept. 27, 1973, pp. 56-7.
"Laser Provides 20 Mile Link"
Electronics, vol. 46, June 7, 1973, p. 137,

"Communication By Laser: Through the Atmosphere"
Ingenieur (Hague), vol. 83, no. 3, Jan. 22, 1973, pp. ET1-8.

"Gallium Arsenide Laser Communication System"
Jour. Inst. Electron. Telecommun. Eng., vol. 21, no. 8, August 1975, 
pp. 413-5. ,
"Optical PCM Transmission Experiments Through the Atmosphere"
Trans. Inst. Electron. Commun. Eng. Japan, Sect, E (Engl), vol. E60, 
no. 11, Nov. 1977, pp. 609-16.

"Infrared, Solid-State Optical Communication System"
ProC., Inst. Radio Electron Eng Aust, vol. 31, no. 7, July 1970, 
pp. 212-9.

"Case For Laser Communication"
Laser Focus, vol. 10, no. 6, June 1974, pp. 49, 52-3, 55.

"Semiconductor Laser Communication System Using Differential Pulse 
Position Modulation"

NEC Res. Develop., no. 29, April 1973, pp. 31-7.

"Development of Laser Communication Systems"
NEC Res. Develop., no. 20, Jan. 1971, pp. 36-51.
"Experimental High-Speed PCM/AM Optical Communication System Using 

Mode-Locked HeNe Lasers"
NEC Res. Develop., no. 19, Oct. 1970, pp. 1-14.
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''Optical Communications Line at 0.6328 pm"
Telecorinuun. Radio Eng., vols. 31-2, no. 2, Feb. 1977, pp. 22-5
"Megabit Data Link Using Non-Coherent Light Sources"
Conference•Record of IEEE International Cbhf. bn Communication
"A Narrow Beam, Broad Bandwidth Optical Communication System" 
ITT Inc., San Fernando, Calif., Rep. NAS8-20629, Sept. 1968.



APPENDIX B

MARKET SURVEY LIST

/ Company has an optical communication link for sell.

% Company does not have an optical communication link for sell.

? Company has been contacted and has not responded or the company
is no longer at its last known address and cannot be found.

1. American Laser Systems, Inc.
106 James Fowler Rd., Go1eta, CA 93017 
(805) 967-0423

2. Applied Optics Center Corp.
10B St., Burlington, MA 01803 
(617) 273-0309

3. Associated Controls and Communication, Inc.
82 Sanderson Ave., Lynn, MA 01902
(617) 581-3455

4. Coherent Associates
14 Finance Drive, Commerce Park, Danbury, CT 06810 
(203) 792-2850

5. Computer Transmission Corporation 
Los Angeles, CA
(213) 973-2222

6. Electro Optic Developments, LTD.
Howard Chase, Pipps Hall, Basildon, Essex, UK 
Basildon (0268) 280699

7. Electrophysics Corporation
48 Spruce St., Nutley, NJ 07110 
(201) 667-2262

8. Galileo Electro-Optic Corporation 
Galileo Park, Sturbridge, MA 01518 
(617) 347-9191 : '

✓

(maybe in 
the future)

✓
(may no longer 
be available)
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9. Georgetown Instruments 

Washington, D.;C.

10. Harris Corp., Electronic Systems Division 
P. 0. Box 37, Melbourne, FL 32901
(305) 727-4000

11. Holobearn. Inc. (Now Control Laser Corporation) 
Orlando, FL
(305) 851-2540

12. IBM

13. International Laser Systems
3404 N. Orange Blossom Trail, Orlando, FL 32804 
(305) 295-4010

14. International Technical Instruments
4770 Forest St., Section M, Denver, CO 80217 
(303) 492-7327

15. Laser Communication, Inc.
Cleveland, OH

x

✓

/

16. Laser Electronics PTY, LTD.
216 Cunningham Ave., Main Beach, Southport, 
Queensland, Australia

17. Lasermetrics, Inc.
Ill Galway PI., Teanek, NJ 07666 
(201) 837-9090

18. Lexel Corporation
928 E. Meadow Dr., Palo Alto, CA 94303 
(415) 494-3241

19. Martin Marietta 
Orlando, FL 
(305) 352-2000

20. Metrologic Instruments, Inc.
143 Harding Aye., Bellmawr, NJ 08030 
(609) 933-0100

21. Muffoletto Optical Co.
6100 Everall Ave., Baltimore, MD 21206 
(301) 254-8400 .

22. Optelecom, Inc.
15940 Shady Grove Rd., Gaithersburg, MD 20760 
(301) 948-4232

✓
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23. Optical Communicationy Inc. ?

2111 W. Central Blvd., Orlando, FL 32805
24. Optronix ?

25. Power Technology, Inc. /
P.O. Box 4403 . . .
7925 Mabelvale Cutoff, Little Rock, AR 72214 
(501) 568-1995

26. Quadri Corporation x
P. 0. Drawer 2H, Tempe, AZ 85282
(602) 894-2151

27. Quantronix Corporation x
Smithtown, NY
(516) 273-6900

28. Saab ?

29. Santa Barbara Research Center /
75 Coromar Dr., Goleta, CA 93017
(805) 968-3511

30. Technical Applications Center x
University of New Mexico, Albuquerque, NM
(505) 277-3622

31. Visual Methods, Inc. /
35 Charles St., Westwood, NJ 07675
(201) 391-7383

32. WEC Engineering, Inc. /
86 Woodridge Rd., Carlisle, MA 01741
(617) 369-4183



APPENDIX C

LIST OF RELATED PAPERS

This appendix contains a list of papers which either treat the 

topic of atmospheric, digital optical communication systems, or topics 

closely related from which some useful information may be gained. They 

are arranged in chronological order within various categories. Some 

papers could fit into several of the categories, but have been placed 

in their particular one due to an emphasis in that area.

Category A: Product Specification Sheets
1. "Optical Firms See Wide Horizons," Electronics, Dec, 21, 1970.
2. American Laser Systems
3. Electro-Optic Developments
4. International Laser Systems
5. International Technical Instruments
6. Meret Inc.
7. Power Technology Inc.
8. Santa Barbara Research Center
9. Visual Methods

Category Bl: Atmospheric Experimental and Operational Digital
Communication Systems (Laser Diode § LED Sources)

1. "Experimental Optical Link"
'IEEE Trans.- Comm,'Tech,, Dec. 1967.

2. "SBRC Develops Infrared Laser Communicator"
Computer Design, Jan. 1970.

3. "Infrared Beam Links Researchers to Computer"
Machine Design, Jan. 8, 1970.

4. "Pulsed I-R Link"
Electronics, March 2, 1970.
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5. "Portable Optical Communicator Rides Laser"
Electronics, March 16, 1970.

6. "Modem-Talks-:to-Computers by Wire or I-R"
Electronics, March 30, 1970.

7. "Laser Link Uses Stabilized Binoculars"
Avi. Wk.'and'Space'Tech., June 29, 1970.

8. "Laser Beam Communicator"
Elect. World, Nov. 1970.

9. "Coding Opens Way for Semiconductor Laser Link"
Electronics, Oct. 11, 1971.

10. "Optical Communicators with Semiconductor Light Sources"
Elect. World, Dec. 1971.

11. "TO-2 Optical Telephone"
Sov. J. Quantum Electron., Jan. - Feb. 1972.

12. "Optical Data Links for Industrial Applications"
Instf. and Control Syst., Feb. 1972.
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