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1, ¢ INTRODUCTION

This interim report is concerned with the modifications and evaluation
of the optical communicaiions system developed under contract NASB-20629,
The system equipment is fivst briefly reviewed and its operation described.
Nexi the report discusses fhe modifications which were underiaken to improve
and upgrade system performance. These chanres were made after extensive

testing in the laboratory.

Section 3. 0 is concerned with the development of & mathematical model
with which {o judge system performance, Calculations are made for both ideal

and noisy communications channels,

Section 4, 0 presents the results of both the laboratory and the field
tests. The facilities and the experiment techniques are described, Also pointed

oul is the need for modifications to some of the digital equipment,



2.0 THE ENGINEERING MODEL

This section reviews the operation of the "Narrow Beam, Broad
Bandwidth Optical Communications System," which is described in detail in
Reference 1. Also discussed are the major modification and improvements

made since the beginning of the 12-month field testing period.
2,1 SYSTEM CONFIGURATION

Detailed diagrams of the two terminals of the engineering model are
shown in Figures 2-1 and 2-2. A discussion of the major components of the
system is given in the following sections. Since both base and remote stations
of the engineering model are really ground stations, it is convenient to describe
the system operation functionally, i. e., in terms of the "up-link' and "down-
link" rather than in terms of the intended U-2 or satellite equipment and the

ground eguipment,

2. 1.1 Up-Link Equipment

The base terminal transmitter unit shown in Figure 2~1a includes a low
power CW helium-neon laser operating at 0. 633 microns, KD*P eleetro-optical
modulator, and ancillary telescope optics, These components constilute a laser
""beacon th'at is amplitude modulated with a 10, 7 MHz subcarrier. The sub-
carrier is in turn frequency modulated with a 20 kHz information bandwidth.

The crystal oscillator, audio modulator, and crystal modulator driver in the

figure are of completely solid-state construction, The KD*P electro-optical
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. ‘modulator appears electrically as a 16 pt capacitance, requiring approximately
500 volts yms input for 100 percent modulation of the optical beam. At present
the modulator driver in use is capable of achieving greater than 80 percent

modulation of the laser beam,

" The moduiated laser beacon is collimated by & 60X, 2 inch aperiure
telescope that is boresighted with the wide bandwidth down-link receiver shown
in Figure 2-1b, The collimator for this beacon is adjusted to provide a trans-

mitted beamwidth of about 1 milliradian,

The remote tracking/communicating receiver unit shown in Figure 2-2
includes an {/6. 3, 1000 mm focal length collector; ITT image dissector photo-
sensor; and tracking and communica‘;ting circuitry, The optical receiver per-
forms the functions of: (a) acquiring the beacon within 2 1 degree by 1 degree
field-of-view; (b) tracking the beacon position, providing pointing error informa
tion relative fo the pointing direction of the boresighted down-link iransmitter;

and (c) detecting the information modulated on the up-link laser beacon.

The tracking/communicating receiver shown in Figure 2-2b uses an image
dissector sénsor that is capable of electronically scaming its photosensitive sur-
face with a small aperture. This scanning is accomplished by magnetic deflec-
tion of the photoelectron beam through 2 small aperture ahead of the electron

mulliplier stage.

2.1.2 Down-Link Equipment

The Down-Link Communications System is capable of transmitting either
pulse~coded molarization modulation or pulse-coded amplitude modulation on a’
CW laser beam, both at a 30 megabit data rate, In pulse-coded polarization
modulation, the binary ones and zeroes of a message are represented by the
state of polarization of the transmitted optical beam. In pulse-coded amplitude

modulation, the binary message units are represented by the presence or
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absence of the optical carrier. The particular form of modulation depend=

upon the arrangement of the system's optical components.

A block diagram of the down-link receiver system, operating in a
polarization modulation mode, is presented in Figure 2-1b. The linearly
polarized oﬁtput of the down-link CW helium-neon laser is converted info one
of two polarizalion states of an orihogonal set for the 100 percent modulation
case, The orthogonal set may consist of either orthogonal linear polarizations,
or right-hand and left-hand circular polarizations, depending upon the optical
bias on the transmiiter's electro~opticai modulator. The transmitier unit,
shown schematically in Figure 2-2a, consists of the CW laser, transverse
field eleciro-optic modulator, pclarization and beam forming optics, and in-
formation generating and processing elecironics, An industrial quality vidicon
camera has heen the principal signal source for nse in experiments to date,
The composite analog signal from the vidicon camera is encoded utilizing a

nonreturn-to-zero (NRZ) quantized delta-coding technique,

The source of the remote terminal's optical radiation is a CW helium-
neon laser, operating in a single mode (TEM 0 0) at . 63281, with an outpul
power of approximately 5 mw, The divergence of the laser's output beam is
reduced by 9:n inveried telescope, and is subsequently direcled through the
optical modulator by folding mirrors. If pulsed amplitude (i. e., on-off keying)
rather than polarization modulation is desired, a polarization analyzer is
placed at the modulator's output, in a crossed orientation with respect to the
input plane of polarization, This arrangement allows the transmission of only

one intensity varying polarization component,

The down-link modulator is a transverse field KD*P type, with a 20 cm
overall erystal length (4 crystals arranged in pairs to cancel natural bi-
refringence) and an optical aperture of 3. 5 mm, The voltage required for «/2
radian rotation of the transmitted optical electrical field vector is 110 volts,

The present all solid-state driver, which supplies a 50 V, 10 nanosecond rise-

time pulse across the modulator, achieves a 65 percent modulation depth,
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The base ferminal receiver unit, shown'schematically in Figure 2-1h,
includes a.560 mm diameter collection aperture, an adjustable field stop, a
1.5 !(; bandpass optical filter, a quarterwave plate, Wollasfon prism, photo-
multiplier detectors, and electronic processing and display equipment, A
prism can be inserted into the optical path bhehind the field stop, to facilitate
accurate pointing by sighting through the receiver's optical system. An ad-
justable field stop permits the receiver's field-of-view to be varied continuously,
and provides convenient background control, Neutral density filters can be in-
serted into the receiver's optical patlll to produce fixed amounts of optical at-
tenuation, These filters simulate the inverse square geometrical effects of
increased range and protect the photodelectors from excessive signal power
at shorter ranges. Radiation passing through the field stop is collimated prior
to its impinging on the optical filter and quarterwave plate, since periormance

of these elements is sensitive to a heam's incident angle,

Since there are no phase or polarization sensitive optical detectors,
polarization modulation must be converted to an amplitude modulation in the
receiver prior to detection. This conversion is accomplished by resolving
the incoming polarization state into a set of orthogonal linear components whose
amplitudes vary with the incoming pqlarization stale. Tor the '100 percent
modulation condition, the input circular states are converted to an orthogonal
linear set by introducing an additional quarterwave bias into the beam. The
rgsu@t;}ng amplitude varying linear components are then spatially separated
and independently detected. Through this split-channel technigue, one photo-
detector receives the hinary ones of the message and the other photodetector
receives the binary zeroes, The outputs of the two photodelectors are com-
bined in a differential amplifier to reconstruct the originally transmitted pulse
train. This pulse train is then decoded in the analog-lo-digital converter, and
the reconstructed composite video is subsequently displayed on a conventional

television monitor.
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When amplitude modulation is transmitted, the quarterwave plate and
Wollaston prism are removed from the receiver, and only a single detector is

used to detect the received beam (single-channel operation),

2. 1.3 Bit Exvor Rate (BER)} Measuring Ecuipinent

As will be discussed in Section 3. 1, 2, the most meaningiul assessment
’af g digital communication system’s pérformance is a measurement of its hit
error rate, L e., the rale at which errors occur between the transmitied and
reeeived information. The insirumentation for measuring this quantity is
represented by the bit exror detector hlock in Fignre 2-1b and the pseudo-
random word generator block in Figure 2-2a. These blocks have been expanded

in Figure 2-3, and their fanctions are described next,

A known pseudo-random pulse patiern is generated‘ and synchronized
to a local 30 MHz cloek in the A/D converter, This pscudo-random word
(PSR) is used as the video signal in the 30 MHz transmitier. At the receiver,
the detected sign;z,i output is coupled to both the hit synchronizer of the D/A
converter and the word recognizer., The 30 MHz oscillator in the D/A converter
is phase~locked to {he incoming bit siream. When the word recognizer detects
the proper pattern, it starts a local 32-bit paitern generator, identicai to the
transmitted word, in phase synchronism with the received signal., The received
signal is compared. bit by bit with the output of the local §i-hit pattern generator,
ina mc;duimz comparator at the 30 MHz clock rale, The delay on the clock is
adjusted so it triggers the output of the modulo-2 comparator at the center of a
33 nanosecond bit period, If the received hit is identical fo the transmiited bit,
the comparator has no output, When the two signals differ, the clock triggers
the output which indicates that an error has occurred in the transmission link,
During system evaluation experiments, the ouiput of the bil error detector is

both passed to a digital counter and recorded as shown in Figure 4-6,
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2.2 MODIFICATIONS AND IMPROVEMENTS

In the course of testing the optical communications system in the
laboratory and field, many opportunities were taken to upgrade the equipment
through ‘modifications and additions to various subsystems. 'This section is

concerned with those changes, some of which were funded by ITT.

2.2.1 Installation of New Telescope

The base terminal of the opticai link was operated at first with an eight-
inch aperture reflecting telescope. System performance with this insirument
often proved to be disappointing. Very high radiant signal power levels, re~
sulting in excessively high anode current on the detectors, were frequently
required in order to hold the digital equipment in lock, Theé smoothing ad-
vantages of a large optical aperture for the collection of scintiliating light are
well known, and several theoretical and experimental investigations of Yaperiure
averaging" have been reported. Hence, to improve system performance and
also provide a capability for studying the effects of aimospheric turbulence, a
larger telescope was acquired, The instrument, a modified 22 inch aperture

F/10 Cassegrain, is shown in the Frontispiece.

.Operation with this larger aperture yielded a significant improvement

in system performance. However during the period that the receiver sysiem was
located in the roof-mounted astrodome, there was considerable inconsistency

in recorded experimental data. It seemed apparent that the difficulty was due

to_ instability of the telescope's mount, The telescope was mounted atop a 4-
foot length of 8-1/2 inch vertical steel tubing. The other end of this tube

was attached to an I-beam that is one of the supporting members of the roof.
Personnel walking on the roof and other sources of low frequency vibrations in
the buildin'g caused motion of this I-beam and consequent changes in the tele-

scope's pointing vector, A telescope pointing error of 0,25 milliradians would
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translate the received illumination patiern completely across the receiver's
instanianeous field-of-view. I was delermined that the required order of
stability was attainable within the roof-mounted astrodome only with major

modifications to the building structure.

For this reason, the base terminal equipment was relocated in a
modified mobile trailer. A massive steel tripod, similar to that used in the
remote terminal facilily, was constructed fo support the telescope. This
tripod has extendable legs that project through the trailer floor to the earth,
Hence, motion in the frailer does not disturb the telescope. This arrange-

ment has alleviated pointing instabilily problems,

é. 2.2 Pulse Shaping and Threshold Circuitry

During laboratory testing of the equipment, a discrepancy was noted
between the reported performance of the hardwire and the pseudo-random
(PSR) bit error detectors. At low error rates, the hardwire error detecior
had about one order of magnitude higher error rate. It was also noticed that
the delay line that conirolled the clock input to the hardwire error detector
was difficult to adjust, This delay line was found to he faulty, If had at first
been intermittent, and subsequently it failed completely. For this reason, the
delay line was reiurned to the manufacturér for repair, However, after the
repaired delay line had been installed, it was found that the PSR error detector
exhibited an almost constant order of magnitude higher error rate than the
hardwire error detector, This condition was opposiie to that noted prior to

the delay line's failure.

Investigation of this new phenomena led to the conclusion that the PSR
bit error detector was extremely sensitive fo pulse width, The received pulse
shown in Figure 2-25 of Reference 1 is seen to be narrower than the 33 nano-

second pulse which was applied to the modulator, This was not initially
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an_tici}:fated_ as a problem, since the instruction manual for the purchased D/4&
equipment states that the equipment samples a small slice of the pulgse at the
é:lock: crossing, In acinality, it requires at least 27 ﬂanoseconds of the 33
nanosecond pulse width to make a valid determination as to the presence or
absence of a pulse, while the hardwire bit error detector requires only 11

nanoseconds of the 33 nanosecond pulse width to make the same decision.

To correct this condition with a minimum of modifications, ITT under-
took the design of the Pulse Shaping and Thresholding Circuil shown in Fig-
ure 2-4, This circuit is a differential amplifier which compares a signal input
to a level set by adjusting the 250 ohm potentiometer, With no input signal,

Q1 is conducting and @2 is off, When the inbut signal level at Q1 exceeds the
threshold bias on Q2, the conduction .state changes and Q2 conducts, There-
fore, a positive input pulse generates a posgitive output pulse, The variable
capacitor at the input is adjusted {o change the pu‘lvse width seen at the outpuil,
This cireunit is connected to the receiver preamplifier output in order to

condition the received signal for application to the D/A equipment.

After the Pulse Shaping and Threshold circuit was installed in the
system, a new error rate comparison was made, and the condition was found
to be corrected. At present, the hardwi?:e error detector still operates with
its output directly from the receiver preampiifier, while the PSR error detector
requires the reconstituted pulse output, For this reason, much can be done
to improve the digital portion of this system. An ideal system would only
recognize the presence or absence of a pulse during the clock interval, and
woﬁld remain almost indifferent to pulse width, For example, a pulse differing
in width from 11 nanose-conds to 44 nanoseconds, centered about the clock _
generator crossing, should be recognized as a single pulse. This would allow
s 5 nanosecond minimum guardband, but would permit a 4 to 1 variation in pulse
width, The present decoding technique allows less than a 2 to 1 variation before

contributing errors,
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In Section 2. 5 of Reference 1, analysis indicated thal 9 db of ;gain could
be added fo the system before reaching the noise threshold of the D/A equipmer’lt‘
By incorporating the Pulse Shaping and Thresholding circuit, 6 db of this gain
was added. The effect of this ecircuit is most noticeable at low modulation -
depth:.s and low signal levels as shown in Figure 2-5, This is a series of plots
of PSR error rate versus modulaiion depth, for three different signal levels,
The plots are made both with and without the Pulse Shaping and Thresholding
circuit in order to show the improvement in system performance attributable

to this added circuit,

The photographs in Figure 2-6 show the PSR word both with and without
the Pulse Shaping and Thresholding eircuit. In each photo, the upper trace is
the word directly ou;’: of the PSR generator. In photograph No. 1, the modulator
voltage is 10 volis; the average number of detected photoelectrons per bit, ﬁ,
is 440, In the upper portion of the photograph, the preamplifier output in the
lower trace is compared with the pseudo-random word generator output, The
narrow pulses with noise drop-out are readily observed. In the lower p_ori,ion of
the photograph, the generator output is compared with the output of the Pulse
Shaping and Thresholding circuit added to the preamplifier, The similarity in
pulse width and decrease in noise drop-outs is evidenced in this PSR word in
the lower trace, silowing the effectiveness of this circuit, In photograph No. 2,
the modulation voltage was 6 volts with an ﬁ of 440. Again in this picture, the
improvement of pulse shaping and thresholding in the lower portion can be
observed over that in the upper portion. In photograph No. 3, the moéiulation
voltage was 3 volts and N was again 440, The improvements of pulse shaping
and thresholding can still be observed in the lower portion of the photograph,
over that in the upper portion of the photograph. It can further be observed
that we are thresholding near the system noise level, and further improvement

must be in the area of reducing system noise prior to adding more gain. This
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type of noise is obsgrved rising from the baseline, rather than the drop-out
noise observed in photograph No. 1. Such noise is a combination of both shot
and ﬂ':termal poise, since the noise output from the aggregate receiver {com-
prising the photomultiplier, preamplifier and pulse shaping amplifier) is much

iess with the laser radiation blocked,

It should be noted that in each photograph, the bit error rate is less

with the Pulse Shaping and Thresholding circuit in the system.

2.2.3 TImprovements in Instrumentation

At the onset of the field testing program, the guantitative mstrumentation
consisted of a digital readout counter on ihe bit error measuring equipment and
meters which registered the pholomultiplier currents, There were also pyo-
visions for connecting other measuring or {cecording devices to the photo-
multiplier outputs, but this current loading interfered with the operation of the
error measurement, In the incipient measuremen_ts“ , the experimental technigue
was to record the digital bit ervor readout averaged over various sampling
periods, record average PM tube currents, and seek relationships between
these values and other system parameters (such as receiving aperture diameter).
In advdition, attempts were made to relate these data to atmospheric conditions,
Although this procedure yielded some indication of system performance, it
provided very little insight into either the nature of system operaiion, or the
mechanism for the OCC!:II‘I‘SDCBAOf errors, Furthermore, because of trans-
mission variations in the atmospheric path lasting several seconds or minutes,

" {here was considerable difficully in obtaining correlalion between the averaged
bit error rate and other system parameters, For this reason, we felt it de~-
sirable to siﬁmitaneously monitor and record the bit error rate, the detecior

currents, and the mean square value of signal fluctuations.
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In order to provide the field {est receiver site with this capability, the
_instrumentation shown in Figure 2-7 was constructed. The custom designed
circuits shown in this block diagram are the isolation anipliﬁers, power divider,

"and D/A error output converter.

The isolation amplifiers sample the current outpuls of the photomultipliers
and provide the DC and low freguency AC components {(atmospheric induced fluc-
tuations) to the girip chart recorder. The RMS voltmeter is coupled to the outfput

of-one amplifier so that the RMS current of one phoi:omuitipliar may he recorded.

The error output from the psendo~random bit error detector is divided
three ways to provide simultaneous inputs to a television monitor, frequency
counter, and the D/A ervor output cireuif. The D/A error output circuit
integrates the error pulses in order to supply an analog output proportional to

the bit error rate during the selected integration period,
2,2.38,1 Isolation Amplifiers

The isolation amplifiers are packaged within the receiver compartment,
Because of the high frequency signal components on the pholomultiplier outputs,
it was necessary to locate these amplifiers close fo the signal source, Although
high frequency signal information is not used in the ‘s’erip chart recording of
average currents, long leads connected at'this point would disrupt the signal,
causing :the bit error detector fo malfunction, The isolation amplifiers shown
in Figure 2-8 are integrated cireuit operational amplifiers. Resistive isolation
to the photomultiplier output is provided by the 100 K to 1 KQ feedback network
around the amplifier. Enough gain is provided in the amplifier, from DC fo
10 kHz, so that the output is the same as that at the photomultiplier, This cir-
.cuit provides a means of recording signal fluctuations and average current with
only 0. 01 pez:cent loading on the signal input to the preamplifier, and less than
3. 0 percent loading on the DC current io the front panel current monitoring

meters,
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2.2.3.2 Power Divider-Bit Error Detector Qutput

The Power Divider was designed to ‘provide separate outputs from the
bit error detector to the television monitor, Irequency counter, and the D/A
error output converier, The television monitor gives a coar‘se indication for
system alignment, while the frequency counter provides average error rate and
fine tuning information. The circuit shown in Figure 2-9 provides the three
necessary outputs. Two of the outputs are 0 to 1.2 V, as are required for the
test equipment inputs, while the third output is 0 to +6 V, the level required
by the D/A error output converter. The digital error output from the bit error
detector is coupled to the base of transistor Q1, which is an amplifier switch
that drives Q@2 and Q3. Q2 provides outpuis for the television monitor and
frequency counter, while Q3 supplies a singie DC coupled output to the D/A
error converter. All outputs are 758 and are terminated at the far end of the

line.
2.2.5.38 Digital to Analog (D/A) Error Output Converter

The D/A error converter shown in Figure 2-10 consists of an integrator,

’followed by an operational amplifier with a switch stepped gain control. This
circuit accepts the bit error output from the power divider and converts it to

a proportional DC output. The integrator design was based upon the response
of the strip chart recorder that this unif drives. Thfa sirip chart recorder has
2 3 db bandwidth of 50 hz, and the RC time constani of the integrator was set
to fall off at 16 Hz. Such a handwidth assured that the recorder would follow
any changes in input with minimum distortion, The strip chart recorder
sensitivity was set so that maximum amplifier output would give {ull seale
readings for each sensitivity range. The amplifier gain was calculated for the
full scale sensitivities corresponding to error rates of 107° through 107 in
five sleps, Therefore, an amplifier output of 10 volts on the least sensitive

-1
~scale corresponds o an input error rate of 10 ~ or 3"MHz/ while a2 1 volt
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output‘ corresponds to a 10“2 or 300 kHz error fate, and a 0. 1 voll oulput

' (;orresponds foa 10H3 or 30 kHz error rate-. In like manner, each succes;ive
switch position gives an order of magnitude greater sensilivity. On the most
sensitive scale the error rate becomes so low with respect to the integration
{ime that the amplifier output is a DC pulse jor each error pulse received at
the input. Between 10~6 and 10-5 error rate, the repetilion rate is high
enough to give a constant DC output. This unit was tested and calibrated with
a pulse generalor capable of delivering 33 nanosecond pulses at bit rates of 3

per second to 3 million per second.
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3.0 SYSTEM MATHEMATICAL MODELEL

In the following paragraphs a mathematical model is developed for use
in predicting potential performance of the Optical Communications System.
First discussed is the ideal sysiem, one limited by only the most fundamenial
types of noise, This ideal model is then modified fo include the most common

sources of noise, encountered in pholon~counting communications systems

operating in the field.
3.1 PERFORMANCE OF AN IDEAL SYSTEM

An ideal optical communications system has its performance limited
by design parameters (such as laser power, modulation index, collection
aperture diameter, etc.) and the fundamental fluclualions in the detected signal
due to photocurrent shot noise. This section is concerned with introducing both
these system concepts and the analytical techniques that will be expanded later

to form a general‘model.

3.1.1 BSensor Photocurrent and Its Variance

It is important to clarify first the term "'modulation index." Fig-
ure 3-1 depicts a partially modulaled binary pulse irain, The peak amplitude
of this pulse train is Ap, and the minimum ampliiude is Am' The average
amplifude is A= (Ap + Am)/z, assuming a long random and equally likely

series of binary pulses, The modulation index M is defined as

A A -A_
M=% -1"% +a 3. 1)
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Time =

Figare 3-1. 7Partially Modulated Binary
Pulse Train

In terms of the average amplitude A, the pe'sic amplitude can be writlien as

Ap = A M+1), Ina like manner the minimum amplitude Am can be writien

as Am = A (1 - M). The signal amplitude ,AS is defined as the difference between
the maximuom and minimum amplitudes, Consequently, it follows that

A=A -A =9%MA.
s p “m

The amplitudes of Pigure 3-1 may represent any of a number of {ypes
of information carriers. TFov instance, the peak amplitude Ap may represent
peak numbers of photons, photoelectrons, photocurrent values, or other like
guantities. In an ideal system, the average pholoeleciron current is directly
proportional to the average radiation incident on the photosensor. Consequently,
in using the system of subscripts introduced above with an average photo-
electron current {electrons per seecond) of z the resulfant expression that
represents a mark having been sent is the term (1 + M) ?, and likewise, the

photocurrent representing a space is (1 ~ M) i

The shotf noise fluctuations in a photocurrent are well described by a
Poisson statistical distribution. Hence, the statistical variance of the number

of photoelectrons counted during a time interval At is proportional to the



product of the photocurrent, i_ , and the sample period, At. In equation
form,
i = l-[-M—:; i = - '_;
LP { yi - (1 - M)i; and
(3. 2)

var{i }= ki

Al
pc pe

The consiant of proportionality, k=21, is used to describe ihe noise effects of

amplification, such as dynode noise in 2 multiplier phototube (Reference 2).

3.1, 2 The Bit Error Rate (BER) and Its Effects

The product of the sample period, Al, and the pholoelectron current,
ipc’ is the number, N, of electrons counted -during a sample interval, The de-
cigion as to whether a space or mark was sent is made by comparing the number
" of photoelectrons counted with some threshold value Nt’ If the number of elec-
trons counted is greater than Nt’ it is decided that a mark was sent, If the
number counted‘ iz less than IV, it is decided that a spzce was sent, DBecause
of the variance in the values of ipc’ there is some statistical probability that,
although a mark was sent, the product ipc At in the receiver will be less than
Nt' Hence, the receiver logic circuitry will make an incorrect decision in
such cases. The probability of making an incorrect decision during a sample

interval is called the bit error rate (BER).

Although other factors such as signal-to-noise ratio could be used, bit
error rate is more indicative of the quality of a digitally coded communications
channel. For channels using non-digital modulation schemes, it is clear that
the lower the system's potential bit errvor rate, the beiter the information
{ransmission (as measured by fidelity, signal-to-noise ratio, or any other
method), even though there is no linear relationship between these character-

istics. The use of a system's potential bit exror rate as a basis to judge iis



performance provides {he advantage of easily considering the adverse effects
of many and varied noise factors as a whole, Tor example, some criteria

of performance require that all noise sources, to be combined, must have
similar frequency spectra. These analytical technigues would have dgifficulty
in estimating the simultaneous effects of signal current shot-noise and atmos-

pheric turbulence,

It is of value to compare the subjective quality of a closed circuit videc
picture as a function of bil exrror rate in the communﬁations channél. Figure
3-2 shows the resultant degradation in received picture quality as the BER is
increased from 10“5 to 0. 30, by attenuating the radiation of the transmitted
laser beam. These photos were taken during a laboratory test of the Optical

Communications System.

3.1.3 Computation of the Ideal Single-Channel BER

In a single-channel pholon-counting type of digital system, a mark or
space decision is based upon whether or not the number of photoelectrons
counted in one photosensor during a bit interval is larger than some threshold

value, N,.. An error occurs when either: (1) a signal is sent but not detected

¢
or, (2) when the threshold value is exceeded during an interval when no signal
is sent. In equation form, the probability of an error during a bit interval

(the bit error rate) is

BER = P {signal sent} - P {noise and signal SNt}

(3. 34}
+ P {signal not sent}- P {noise >N, 1.

Since in the random NRZ coding considered here, the probability of a signal

being sent during a sample bit interval is 1/2, Equation 3, 3a becomes

ER =1/2 P {noise and signal <N }
(3-3b)
+1/2 P {noise >Nt}.
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The derivation of the system bit error rate discussed here is concerned
with only 't.he variations in the signal amplitude itself. These fluctuations in the
modulated and unmodulated porlions of the collected laser beam are caused by
the inherent photocurrent shot noise. Using the terminolog'y,of Sections 3. 1. 1
and 3. 1. 2, we correctly consider a mark to have been sentl if the number of
photoelectrons ﬁp counted during a sample period is larger than the threshold
value Nt‘ We correctly decide that a space has been sent if we detect a smaller
value ﬁm' Both ﬁp and ﬁm are random variables becuase of the effects of
photocurrent shot noige, Intuitively, the threshold Value-Nt should be set at
some number beﬁween the average values of ﬁp and ﬁm' One of the purposes
of the following analysis is o determine the value of Nt which minimizes the

system's bit error rate,

Equation 3, 3 can be rewritten to inciude the variables f\fp and ﬁm as

1 ~
BER =~ P {N sN}+

B

b P {Nm > Nt} . (3. 4)

In terms o1 propability distributions, the components of the last equation are

N )
~ R t ~
P{NpsNt} -j:o dzP{Np= z}, (3. 53)
‘N @ [
J J = J - . 4
P {I\mmt} th dz P {I\m z} 3. 5b)

For large numbers of photoelectrons N the shot noise (Poisson) dis-

tributions are approximately normal.



Hence, .keeping in mind that N (1 -+ M) At= ip and N (1-M)At= im, we

find 1hat the combination of equations 3. 2 and 3. 5 results in

\ﬂ;(pﬁ(um)z

s N 2 ) - 4

p [ SNt}"‘f i gz er "ji\'f_k(l M /Y, (3. 63)
¥ 2 YNk @+M

1 z~ﬁ(1—M)_2
240 Nk (1L - M)

(3. 6b)
Vor YNk (- M)

[+3}
(\; J L= e
PiN,> ht} J/I:Tt dz

we can use here the tabulated functions P and Q where:

_f
2

1 r
e

2% j—m
so that Equation 3. 4 for the bit error rate simplifies fo

N - N (1+M) N -N(1-M)
BER=% p( £ )4_ —% Q(_.f:_.__..___._-> (3. 8)

Lt
(W]

Sy

1 7
P(r) = dt, Q (r)= \/—ﬁ ﬁ e at; (3.7

k N (1+M) Wk T (1 - M)

n this cage, the bit error rate is minimized foxr a threshold value of

1

2
= k 1+ M el 2
= - 2 =t -
Nt Njl-M [1+2M'ﬁ JZA«.(I_M):‘ NJA-M}, (3. 9)

an approximation easily juslified for large values of N. With this optimum

value of Nt’ the bit error rate from Equation 3.8 is found to be

—olLX - 1w
Singlo —Q[\/—k-(\fl+l\fi 1 M)] (3. 10)

Channel,
Optimum

BER




- or approximately

Equation 3. 10 is plotted in Figure 3-3 for two values of modulation index M.

3. 1.4 Computation of the Ideai Binary Channel BER

The system configuration for binary channel operation was é:hown in
Figure 2-1b. Analysis of an ideally balanced binary systeIﬁ is somewhat
simpler than that of the single channél, since there is no threshold value Nt
to be considered. In this situaiion, the decision as to whether a mark or space
was sent is based on which of two channels has the greater number of photo-
electrons, Using subscripts 1 and 2 for the two channels, we can write the ex-

pression for the hit error rate, analogous to Equation 3.4, as

~ 1 Ead ot
amiim <
<N }+2P{N N} (8. 11)

BER= = P {N
P1 2 Py 1

2

Tor a balanced symmetrical system, the two probabilities are equivalent, and

we can write

1 = N, N = h'? _.~ < :
BER P{Np<Nm} P{N N 0}. (3. 12)

1 2 Py 2

Written in lerms of conditional probability distributions, the last equation is

] @
- J = . -
BER j_-m dzj; dy P{l\p z+ypbP{N_=vy} (3. 13)
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Figure 3-3. Single Channel Bit Error Rate (from Eq. 3.10). The factor k is 1.6.
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Approi:imating the probabilities with normal distributions, as was done with

Equation 3. 6, the last expression can be arranged in explicit form as

_— 2 —
1/z+y-N@+M) _i/y-N(@1-M) ?
VEN (1 + ) o 2\WkN @ -m (8. 14)

2
BER =ﬁdz gy & = S i o
_ '[: \sz\/kN (1 + M) Ver [k (1 -2 -

This equation, where W is the produet ipc At averaged on one photosensor,

can be integrated directly to oblain the simpler form

T
BER = QM D (3. 15)
Binary /
Channel,
Optimum

The last equation is plotted in Figure 8-4 for modulation indices ranging from

0.3 10 0, 8,

3.1. 5 Comparison of Ideal Single Channel and Binary Channel Systems

The practical differences between a single channel system and a bin‘ary
channel system are mainly in the added complexity involved in the binary sys-
tem's receiver, It is interesting to consider how great an advantage is gained
from this additional receiver complexity., Given that the two systems would
have the same types of photosensors, modulators, etc., we can calculate the
increase in remote terminal laser power required by a single channel system
to equal the performance (BER) of a binary channel system., By comparing
equations 3, 10 and 3, 15 we see that the single channel éystem‘s laser power

must be increased by the factor

Required Laser Power Tncreass= 1% + Jl - I\fI2 (3. 16)
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Figure 3-4. Binary Channel Bit Error Rate (from Eq. 3. 15) With Modulation
Index as the Parameter. The noise factor k is 1. 6.
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Tor example, if the modulator used were capable of a modulation index of 0. §,.

the required single channel lager power increase would be about 87 percent.

Bquation 3, 16 implies ihat both types of systems have ahout the same
performance when nsed at high modulation indices and very lox-v noise levels.
3.2 CALCULATION OF MODEL SYSTEM'S PERFORMANCE UNDER

NOISY CONDITIONS -

. ' In the optical communications system under study there are seven
principal sources of noise, For convenience in analysis, all seven may be
considered together at {be photodetector, even though some noise factors may
not actually exisi at that point in the signal processing train, Those noise
factors not present at the photodetector (such as noige in later amplifiers) can
be replaced in analysis with an equivaleni noise generator at the photadei:ector.
The eight principal noise factors occurring in the system under study are as

follows:

a. Laser Generation Noise - & time varying factor multiplying
the average radiative power from the laser. These fluciuations
in laser power may be caused by power supply ripple, micro~

phoriics, , eie,

b, Atmospheric Scintiliation Effects - these acl in much the same
manner 2g the Laser Generation noise above, but of courge with

different frequency and probability distributions.

c. Signal and Background Shot Noise - variations in the photo~-
. electron current that are proportional Lo the sguare root of the

current.

d. Background Modulation -'a factor usually encountered in
scanning systems, in which the background noise may be much

greater than that predicied by shot noise caleulations.
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Dark Current - in the system's photodetector, normally of
concern only when operating with infrared sensitive sensors

at low signal levels,

Dynode noise - significantly inereases the flictuations in photo-
eleciron current during the first stages of amplification, If an
electron multiplier type phototube were not used as the photfo-
sensor, the preamplifier would then be an important source of

noise of this type.

Johnson or Thermal Noise - usually of concern only if the

sensor's load resistor preceeds most of the signal amplification,

3.2.1 Sensor Photocurrent and s Variance

In a two level digital signal as was pictured in Figure 3-1, the seven

noise factors discussed above can he combined into multiplicative and additive

contributions to the sensor photocurrent, ipc. Tor the condition of a "mark"

being sent, the signal photocurrent ip and its variance are described, as was

done with Equations 3. 2, by

i 1+M)T +30i 3 N =i At
i =a i i =i
FpTad M n’ “p p
(3. 172)
N
var i ) =ki at=kR
pe p P

For the conditions of a '"space" being sent, the last eguations take the form

- )
L _ : . i V=i Ate=
i a(l-Myi + an, var (1pc) i t=k Nm' (3. 17b)
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‘In tha last equations, ip is the 1nstantaneous phoiocurrent (m electrons per
second and the term a is the product of factors describing system radlometry,
time varying atmospheric seintillation, and laser generation noise effects.

The last term Z in, represents the sum of the DC noise currents, such as
background and detector dark carrent. In the equations for the photocurrent
w}ariance,var (ipc.), the coefficient k deseribes multiplicative amplifier or
dynode noise, and as before, At represents the time interval over which the

_photocurrent is sampled.

3.2.2 General Form for the BER of a Noisy Sysiem

Bui for an added complexity in the component equatwous o. v, we deriva-
tion of the system BER using equations 3. 17 follows that of equation 3. 2. in
regards lo the previous ideal system, it was assumed that the average signal
irradiance on the photosensor was constant. Variations in the photoelectron
current weve due fo shot noise alone.. However, in the situation where the sys-
tem suffers from phenomena such as atmospheric scintillation and its resultant
time varying effects, the major variations in the sensor photocurrent can be due

to similar variations in the signal irradiance on the photodetector. Hence the

term P {ﬁp =z} in Equation.3. 5a must be r_eplaced with a more complex
statistical expression, The term P {ﬁp =z} is the probability that "'z" photc
electrons will be counted during & sample interval if 2 "mark" is sent, and th
long-term average number of photoelectrons counted is N, However, in the
presence of scintillation or fluctuating laser power, N is not constant and mu:
be replaced by 2 random variahle N. The shot noise in the photocurrent stil.
exists, but a parameter of its distribution i, e,, the population mean, is also
a variable, For this reason we have a condilional digiribution P{ﬁp =z;xX}.
This expression represents the probability thal the number of photoelectrons
counted for a "mark" sent be z, given that the rﬁean number N is x. It can be

seen that the original expression for P «[ﬁp = z } is replaced by

) =t
p{Np”}:j; ax PN =zx} - P{N=x} (3. 18)
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A8 a cuusoyucuon, wu oo Of Equations 3. 5 for a single channel BER is changed
to

=4 - L P~ _ . rw= i
P-{NpS_Nt} -j_m dx [ "z P{N =zx}.P{N=x} -  @.1%)
S~ u - © w [l ’ ot
PN > Nt}=fmdx , dz P {N_ =z x}- P {N=x} . (3. 19b)

These, combined with Equation 3. 4, describe the BER for a single channel

system with additive and multiplicative noise,

To describe the BER for the binary channel system in a noisy environ-
ment, an expression similar to Equation 3, 13 can be derived. Hence, written

in terms of conditional prohability distributions,

0 fos] o ]
= q = N =l DIN =ve N =x1. _
;EBlBinary medzfmdy ax PN =z+y;N=x} P{N =yiN =x}. P{R=x}. (3.20)
Channel

Equations 3. 19 and 3. 20 describe system BER with statistical ex-
pressions. In order to obtain numerical values, these terms must be re-
placed with algebraic _expressions, The most important additional source o
noise to be considered here is that due to atmospheric scintillation. It is well
known (Reference 3) that these turbulence induced statistical variations in beam
transmittance do not follow the normal probability distribution, For this
reason, the next section digresses somewhat to discuss the log-normal distribution,

which is more appropriate ‘for use in modeling atmospheric effects.

3,2.3 Log-Normal Probability Distribution

The log-normal probability distribution (Reference 4) is applied in
situations where a series of independent random impulses cj have effecis on a

phenomenon which are dependent on the instanianeous stale xj of the phenomenon,
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Fuﬂhermore, the magnitude of the change in state of the phenomenon,
xj+1—xj, is proportional to the magnitude of the impulse cj and some function
f(xj} of the instantanecus stale, Here the slate xj of the phenomennn wag

‘produced by c.

- The equation for the effect of aj is

. =% =e¢ fx)=Ax 3.21
Ly 3 {3) ] ( )

in the present application, ‘We congider the change {AXJ.) to be a variation in
the radiant power {ransmitled by a turbulent atmosphere, and this variation to
be equal fo the product of the radiant power itéelf, i e, f(x}.) = x}., and the
magnitude of a number of furbulent impulses cj. As a consecquence we 6an

rearrange the last eqguation fo obtain the form

AX, A%,
¢, == = —b (8. 22)
3 f(xj} xj

The sum C =§33. Cj of a large number of impulses, which we assumed above to
be independent, tends to have a normal distribution as implied by the central
lHmit theorem, I each of the impulses c, has only a very slight effect Ax,,

then the resulting state X caused by & very 1az~ge number of impulses ¢, is

n n
-5 o =T _.__L f "‘ﬁi_ﬁmw—-« (3.23
=0 ] 70 o

which, in the limit, has a logarithmic relationsbip to the impulses, Hence,

we have a reasonable justificalion for writing the relationship

b x=u, {3.24)

where x is a linear function of the instantaneous radiant flux transmittgd
through the atmosphere, and u is a normally distributed varisgble dependent on

the characterisilics of the atmespheric turbulence.
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To relate the characteristic parameters.of x to those of u, we assume the

-

. . 2 T .
variate u to have a mean m and a variance ¢ . The distribution function of u

is

U
PlusU}= au £ (8.25)

The distribution funciion of X, & (x),. can be determined from Equation 3, 25,
since from Equation 3. 24, x is a function of the random variable u, With the
appropriale change of variables we {ind that

(ot~ m)”

de e 202
P{xsX}=@(X)=f T X20. (3. 286)
0 .

‘ 211‘0'2

The mean or expected value E(x) of the variable x is given by the Stieltjes -

integral

@ 2
_f 3 = s -G
EX) = JO xd &(X) = exp [m g } (3. 27
In a similar manner the expecied value-of xz can be found 1o be

By = exp [2 m + 202] . (3. 28)

The variance of x is found from the well-known relationship

Var {x}= E(x?") - Ez(x) e [ez- ] (3.29)
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" which leads directly to

o2 =.@m‘; +vﬂi§]j=.ﬂm[l + Pz]
2
L E )
(3.30)
where
Var {x}=Pz B (x)

It is convenient to work with the normalized variable x/E(x), which also has
a log-normal distribution, In terms of the original parameters m and o, we

find that

2 2
E[J:,,,L]=n1—(n1+ g )=- g (3.31)
E(x) 2 2 '
and
Var {gm ".ﬁ:'}'(i?)—} = Var{gﬂ (x)} =g (3. 32)

The ratio x/E(x) may be considered here to describe the instantaneous trans-
mittance of the atmosphere between {he remote and base terminals, Averaged
over a sample interval, the pholocurrent, i, and the number of photoelectrons

counted, ff, are related to the variable x above as

= = = (3. 33)
i

The distribution function for N is

2
X - -
(X)) =P {'ﬁsx}=j{; = exp—[&ﬂ*{ﬂ ‘ (3. 34)

X, /211'0‘2 -
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Using Equation 3, 27 and the expression E() = N, we find that the probability

function for N is

1% o 1 1foi 1, x|
x g(""xxfw—e"p“z[z""‘fﬂ’“ﬁj‘"
(3. 35)
g(x) = 0, X<0

where:
crz=f3,,,\}+ ‘%E'] (3. 36)
h -

3.2.4 Atmospheric Scintillation Effects — Typical Values

The principal signal fluciuations encountered in a gspace-to-space
optical communications link are those due o the impressed modulation and
fundalnéntal pholocurrent shot noise. However, in & satellite-to-ground ter-
minal situation, atmospheric scintillation along the space-to-earth link is
expected to @ﬂuence the system's bit error rate to a great extent, dominating

the simpler effects of photocurrent shot noise.

From Reference 5, we-see that typical values for the log-amplitude
variance, C, (0), for an optical path along the zenith angle ¥ are estimated fo
be fairly well represented by the equation Cﬂ (0y = 0.73 (sec q:),ll/ 6, The
coefficient 0. 73 of course varies from day fo day for different locations, and
for most astronomical observations, is probably foo large. The variance,
Var {P_}, of the detected beam!'s radiant power P is related to Cy (0) by the
equation ,

var {p_}= Pze[exp f4c, O} - 1] = p p? (3.37)

“Where o is a complex function of the collettor diameter, optical'wavelength,”

and log-amplitude variance, Values of Equation 3, 37 for collector diameters
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of 50, 100, and 150 em are shown in FPigure 3-5. It is clear that the relative
fluctue-xtions fepresente& by the normalized variance p2 in the collecled radiant
power will affect both the modulated and the unmodulated portions of the beam

from the satellite terminal,

Tigure 3-6 illustrates the effect of atmospheric secintillation on the
transmitied signal. Figure 3-6a depicis the digitally coded laser beam, with a
modulatlion index of 0, 5 and average amplitude ‘A, The relative fluctuations in
the effective transmittance of the atmospheric path are shown in Figure 3-6b,
For purposes of illustration, these fluctuations are pictured as varying at
megahertz rates, In an aclual system, these atmospheric scintillations would
be concentrated below 100 hertz and would vary extremely slowly compared to
the data rate, Figure 3-6¢ illustrates the resultant signal amplitude as collected
by the ground terminal. The modulation index itself is unchanged from that of

the transmitted heam in Figure 3-6a,

3.2.5 Noisy Single and Binary Channel BER

We may use the variablex = aiAt in Equation 3, 17 to obtain the diffinitions:

R =(@+Mx+ Zi At
P - n

R (3. 38)
N_ = (-Mx+ 21 At

With these substitutions, Equation 3. 35 can be used to rewrite Equations 3, 19

in the more general form:
22
1/% ~-N
ANEY

' N e
J =
P {-Nps N t} .[ . dz ,)g dx gx) (3. 392)

/2-« . /kﬁ
p
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Figure 3-5, Variation in Scintillation Normalized Variance p” with Zenith
Angle ¥ as Evaluated from Equation 3. 37.
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Figure 3-6. Effects of Atmospheric Scintillation on a Digitally Coded Beam of
Average Amplitude A.
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Using the expressions of Equation 3, 7, we find that the noisy single channel

BER is

C
LRI

PAN_> Nt} = N dzf dx g(x) (3. 39h)

rx, - N N, - ﬁm
BER == f dx gx) |P{—==" S —— (3. 40)
: -3
Single }K Np Jk I\m

Channel

The optimum value for the threshold setting N, ; can be found by differentiation

ic be

A
J
A k d (Np/km)
Nt =N N 1+ U s
mop R -8 -
p m
or approximately
N Py
~ . .41
Nt Nm 1 b (3.41)

Hence, by substituting this value fer the threshold into Equation 3. 40 we obtain

the simpler form

) R -JR,

= d —_— 3. 42

BER | G ptimum, = f, 8@ QT (3. 42)
Single

" Channel
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In a similar manner, the expression for the balanced binary channel

RER can be written from Equation 3. 20 in explicit form as

a+y-N\ - %
Y 17
2

p
5 2
\«Jkl\! fkﬁ
@ P m

0 rm e
= d L o3
BER Balanced Ldz‘fﬂ 7 Jo d};'g(*{)

e N

. (3. 43)
N ~
Binary 2 «Jk Np o 4 k Nm
Channel
This expression may also be integrated to obtain the simpler form
s N
® NE - Nm
R palanced :Jg dx g Q (@™ +N ) (3.49)
Binary p m

! Channel

Equations 3. 42 and 3, 44 describe the performance of single and binary channel
systems in the presence of additive noise, Measurements on the present optical
communications system indicate that, in the laboratory and field tests per-
formed, background noise and photosensor dark current are negligible i, e.,
Zin ~ 0, Representative values of system BER for these tests conditions

are plotted in Figures 3-7 and 3-8 for a dynode\noise factor of 1. 6.
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LOG (BER)

N, =2 M N =100

s Y | r { | | | | ]
n 01 .02 .03 .04 .05 .06 .07 .08 09 10
NORMALIZED VARIANCE P2

Tigure 3-7. Single Channel Bit Error Rate in the Presence of Log-Normal
Turbulence for k= 1,6 and M = 0, 5, From Equation 3.42,
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AVERAGE BIT ERROR RATE
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Figure 3-8, Binary Chamel Bit Error Rate in the Presence of Loy
Normal Atmospheric Turbulence for k= 1.6 and M = 0. 4,
From Equation 3. 44,
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4.0 SYSTEM EVALUATION

This section describes the experiments which were undertaken to {esl
the Optical Communications Sysiem. The syétem was firsi evaluated in thé
relatively noise~free environment of the laboratory, In this situation, the
resulting experimental data are comparable to that expected with the ideal
sysiem discussed in section 3.1. The optical communications package was
then moved outside and operated in a real atmosphere. The data from these

field experiments are compared with that of the noisy model of section 3.2.5.
4.1 LABORATORY EVALUATION

The Oplical Communications System Wus Liist vosiou i a vuita v
laboratory environment to determine its potential information transmission
capability. Variation in signal levels were achieved by attenuating the signal
laser radiation with neutral density {ilters. —Figure 4-1 shows, for single
channel operation, the average bit exror rate BER as a function of the mean
number of pholoelectrons N counted per sample interval, with modulation
index M as a parameter. The values of M indicated were calculated from
photosensor currents. These currents wexre measured at the deteclor load
resistors with a sampling oscilloscope. Figure 4-2 compares single channel
with binary chamel operation. The BER values for an ideal system are also
plotted for reference. It is noted that, for a given error rate, the number of
events required in the single channel is approximately double the number of
events in either channel in the binary configuration — which is what was antiei-

pated from equation 3,16. It will also be noted that there is a rather constant
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AVERAGE BIT ERROR RATE BER
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Figure 4-2. " Comparison of Binary and Single Detection Channel
Performance Experimental Data With The Model of Section 3.1.
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20 percent difference between ihe experimentally measured and the theoretically
necessary number of signal.event.s required for a given bit error rate. The
theoretical curves are quite similar to those of Figures 3.3 and 3.4, in which
the photomultiplier dynode noise factor used was 1.6. Noise ,lfactors as high as
five have been measured in some tubes, but, for the present .equipment, the

manufacturer was not asked for such data when the tubes were purchased.
" 4,2  FIELD TEST FACILITIES

Figure 4-3 shows the 5 mile test range that was used during the field
evaluation. This slant path ig inclined at only 6 degrees to the horizontal, and

represents an extremely turbulent environment.

The color photo frontispiece of this report shows the ground terminal
equipment, including a 22 in. diameter receiver telescope. The optical receiver
is mounted to the rear of the telescope, and the processing electronics are
contained in a rack to the side. The mo-dulated laser beacon is mounted to the
top of the receiving telescope and bhoresighted with the receiver unit. The
purpose of the 22 in. aperture receiver is to study the effectiveness of large
aperfure averagﬁ;g of atmospheric sciniillations. The base terminal equip-
ment is mounted on an aximuth~elevation type mount, indexed to the direction
of the remote station so that the receiver can he pointed even though the {rans-
mitter site is not visible. Figure 4-4 shows the mobile laboratory facility used
in field test experiments. This mobile laboratory is equipped with self~
contained power supplies and meterological instrumentation for monitoring the
condition of the atmosphere at the transmitter site. TFigure 4-5 shows the
remote terminal communications unit Joceted in the mobile laboratory. The
tracking/communications receiver section is shown to the left and the wideband
digital transmitier section is on the righl in the figure. This terminal is also
mnounted on a manually operated azimuth-elevation mount in order to coarsely

point the unit to within the trackmg receiver's one degree fleld—of—mew
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4.3 DATA FORMAT

Although many complex parameters affect the perfor;nance of an optica'i )
communications system, four factors are of major concern in the system's
evaluation. These are: laser power, signal beam modulation index, atmos-
pheric scintillation, and the resulting bit error rate. Figure 4-6 is a portion
of a recording tape generated with the engineering model during a field experi~
ment. The raw data shown here are the bases for calculations that lead to

evaluating system performance.

The twe curves in the upper portion of Figure 4-6 are measurements of
anode current of the system’s photomultiplier tube sensor., The straight line at
the top of the figure is the system's zero or dark level. This current measure-
ment is made with all radiation blocked from the photosensdr, and is an indica-
tion of the tube's dark surrent. The second curve from the top is a record ol
the tube's output current and shows the noisy effects of atmospheric scintillation.
This curve was generated on the 5 mile test range shown in Figure 4-3. The
normalized variance determined from this data was r = 0. 31, the term r being
an experimentzl estimate of the parameter P of equation 3.30. The laser beam
was heavily attenuated with neutral-density filters during this test rum, limifing

to 44 the average number of signal events per sample period.

The lowest curve of Figure 4~6 is a series of one second timing marks,
used for setting the horizontal scale. The curve above ihese timing marks
indicates the instantaneous system bit error rate, the oufput of the bit error
detector of Figure 2-3. Under close inspection, it is seen that error bursts
occur as a nonlinear, almost threshold function of the detected signal current.
With a digital counter reading the output of the bit exrror detector, the bit error

-3
rate for the sample of Figure 4-6 was found to be 4.1 x 10
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4.4 FIELD EVALUATION

The new 22 inch telescope discussed in section 2.2. 1‘ was successful in
allowing experimental control over the scintillation effects of atmospheric
turbulence. The two photographs of Figure 4-7 show the irradiance distribution
of the down-~link laser beam across the full 22 inch aperture. These two photos
were taken on differenl days wilh the same exposure — 1/1000 second. The
differences in scintillation and the resultant variations in detected radiant powe:

are apparent,

It was poinied out m Section 3.4 that the system's bit error rale is a
éomplex function of atmospheric scintillation amplitude r, the ratio of the
measured standard deviation to the mean (of any linear function) of the detected
signal radiation. The factor r is useful in predicting system performance and,
as Figure 3-5 shows, is somewhat under the system designer’s control in that
scintillation amplitude is greatly affected by receiving aperture diameter. The
curve of Figure 4-8 indicates the slrong relationship between aperture diameter
and a system's bit error rate. It should bhe noted that this curve considers the
scintillation averaging effects of various aperture size, neglecling the greater
radiation collecting ability of larger apertures. The bit error rate curve of
Figure 4-8 would fall al a much greafer slopé if a constant detected power had
not been maintained by attenuating the beam with neutral density filters as the

aperture was increased.

Figure 4-9 shows the perforn'lance of the communications system in field
tests under conditions of heavy furbulence. For comparison the theoretically
predicted performance for p = 0.35 is represented as the solid curve on the
right. Data runs with varying laser radiation intensities were recorded, and
the resulis are shown as horizontal bars. The term r is an estimate of the
parameter p, calculated from experiment data, Since r is a statistic of the

non-~stationary atmosphere, its value is constantly changing and the use of the
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MEASURED AVERAGE BIT ERROR RATE BER
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Figure.4~8. Bit Error Rate vs Receiving Aperture.
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AVERAGE BIT ERROR RATE BER
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Figure 4-9. Comparison of Experimental Data With Log-Normal
Atmospheric Model for Single Channel System.
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bar interval is appropriate. The fif of theoretical predictions to the tested

performance of the system is seen fo be quite close.

The field performance of the binary system configuration is depicted in
Figure 4-10 for two situations: M = 0.35, r = 0.20; and M = 0.50, r = 0.38.
As indicated by curves in the figure, these iwo situations should have nearly
equivalent performance. The fit of the experimental dala to the theoretical
model is seen to worsen for bit ervor rates less than 10“5. Omne of the principal
causes of this difference is likely to be slight differences between a real atmos-
phere and the log-normal model, which become apparent only at low bit error

rates.
4,4 PROBLEM AREA

A rather persistent source of difficulty throughout this program has heen
_the commercially purchased digital equipment. The alignment of the MARK V
T-31A bit error detector has proven critical and difficult to ackieve and to
maintain. When the bit exrror cutput is terminated in the recommended 75§
load, the equipment generates ringing output pulses which cur counler sees
as 2 pulses. Furthermore, the equipment is quite critical about its acceptance;
of incoming pulsewidth. No analysis of this problem has been done but experience
with the handwire error detector built at this facility has shown that mo-re

accurate pulse identification is possible.
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LIST OF SYMBOLS AND ABBREVIATIONS

BER Bit error rate {sec 3.1.2)

PSR Pseudo-random (sec. 2.2.2)

D/A Digital-to~analog conversion (sec. 2.1.3)

M Modulaf.ion index (eq 3.1)

X,Am,Ap, AS Signal amplitudes {sec 3..1. 1)

Var Statistical variance (eq 3.2)

ipc, ip, im Photocurrents in electrons per second (sec 3.1.1)

At Time intervalin seconds, the inverse of the system bit
transmission rale (eq 3.2)

N Set number of photoelectrons per bit inierval use as threshold
decision value .(sec 3.1.3)

T\T-,N ’Nm’ Ns Number of photoelectrons per bit interval (defined from I\Ih as
P in sec 3.1.1)

k Factor deseribing increase in current variance with a noisy
amplification process (eq 3. 2)
NN N Random variables describing numbers of pholoelectrons in an
P m . .
ideal system . {sec 3.1.3) :
p,Q Tabulated probability error functions (eq 3. 7)
a Random variable describing noise multiplicative with

signal (eq 3. 17)



