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SUMMARY

A time-shared multichannel laser communication system has bheen
designed, constructed, and evaluated. Although the overall system band-
width would have allowed at least 25 audio channels, only two such chan-
nels were implemented. The amplitude sample duration, as well as the
time between samples, was nominally 2 psec. However, both the sample
duration and pulse spacing were variable for purposes of evaluation.
Sample pulses were multiplexed, amplified to an average value of approx-
imately 1000 volts, and applied to a longitudinal KDP light-intensity
modulator. The carrier was a columnated beam from a multimode helium-
neon gas laser operated at 6328 i, The receiver consisted of a photomul-
tiplier detector, a wideband amplifier, demultiplex gating, audio filters,
and audio amplifiers.

Evaluation results suggest some of the problems of a practical
time-division-multiplexed system. Mechanical vibration of the laser mir-
rors is one source of undesirable amplitude variation which becomes audi-
ble with an amplitude modulation scheme. A possibly more serious problem
arises from the piezo-optic effect, that is, modulation due to mechanical
crystal strain in the KDP material. Since all electro-optic materials,
including KDP, are piezoelectric, the modulating pulse voltages introduce
crystal strain and hence piezo-optic modulation., This modulation was
found to lead to cross talk in the constructed system.

Modulation power and bandwidth limitations are discussed briefly,

treating the modulator as a parallel plate capacitor. It is shown that,
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when a multimode laser is used for the carrier source, low-pass, wide-
band signals are limited to a bandwidth not greater than one half the

separation between the light frequencies.



CHAPTER I

INTRODUCTION

The Problem
The objectives of this research have been the design, construc-
tion and evaluation of a multichannel voice communications system employ-
ing a coherent light beam carrier. A laser beam was intensity modulated
with a time-division-multiplexed signal. Receiving equipment detected,
demultiplexed, and demodulated this signal. Although the system was in-
herently capable of transmitting 25 voice channels, only two adjacent

channels were implemented.

Background

Optical Communication

Even though optical communication is as old as the evolution of
the eye, the laser has given it a new birth by providing coherent light.
This gives the communications engineer an electromagnetic carrier wave
whose frequency of lO14 cps is orders of magnitude higher than that of
microwaves. The two greatest advantages of using such a high frequency
carrier are the large theoretical bandwidth possible and the extreme
directivity obtainable. Even if the possible bandwidth is not utilized,
the directivity property greatly reduces transmitter power requirements
as compared with lower frequency systems. However, the directivity may
also be a disadvantage in that very critical angular alignment is re-

quired.



There are two articles by Ottenl and Fusc32 which provide a good
introduction to laser communications. Fusca shows that for an interplane-
tary communications system limited to 100 pounds in weight, a laser system
would offer a one-hundred-fold increase in data rate or a ten-fold in-
crease in range over a more conventional microwave system.

Optical Amplitude Modulation

The linear electro-optic effect, by which the phase properties of
light may be altered and which is also known as the Pockel's effect, has
been found to be useful for light modulation. Potassium dihydrogen
phosphate, or KDP, is a clear crystalline material which exhibits the
Pockel's effect. It has been widely used for light intensity modulation
and is now available commerically, cut, polished and mounted with elec-
trodes for this purpose. A KDP modulator crystal was used for this re-
search.

A material is said to be birefringent if its dielectric constant,
and hence its index of refraction, is a function of the polarization of
an electromagnetic wave passing through it. Calcite and KDP are two
examples of crystals which are naturally birefringent at optical wave-
lengths. A light beam passing through one of these crystals is decomposed
into two linearly polarized beams whose E-field vectors are perpendicular
to each other and the direction of the beam. These two linearly polarized
components are oriented with respect to the crystal in such a manner that
the index of refraction is different for one component than for the other.
Let these two indices of refraction be designated N, and N,.

1. 2

The phase velocity of light in a medium is given by

<
i
=lo
—
=
S



where ¢ 1is the free space velocity of light and N is the index of
refraction. Thus the two linearly polarized components of light emerging

from a birefringent crystal have traversed the crystal at different velo-

cities:

vl=;,_:J—, v, o=, (2)

1 2
The difference of these velocities may be expressed for a specific orienta-
tion and thickness of the crystal as some phase shift, &, of the two
components with respect to each other.

Although KDP is a naturally birefringent crystal, the effect is
not present for light traveling parallel to the optic axis of the crystal.
However, if an electric field is applied, also parallel to the optic axis,
the crystal becomes birefringent in this direction, and the phase shift
is linearly proportional to the applied field strength and the length of
the crystal. This longitudinal, electrically-induced birefringence is a
specific example of the Pockel's effect. The importance of transverse
effects, which also exist for some materials, will be discussed later.

If the required electric field, Em’ is applied by flat surface
electrodes with small holes for the light beam, as illustrated in Figure 1,
the resulting field will be proportional to the applied voltage, Vm’ di-
vided by the length of the crystal, L. The phase shift produced is

v

_ = Mmoo
m«KIEmL KIKQL 5 Klevm (3)

where Kl and K2 are constants of the material and the electrode configu-

ration respectively. Kl is actually a function of the wavelength of the
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light, but for a monochromatic source such as a laser, it is constant.
Phase shift of 180° may be obtained if the applied voltage is equal to
Vn, a constant which depends on K1 and K2. This "half-wave" voltage is
greater than 7500 volts in the case of KDP. The phase shift may thus be

expressed as

Mh =11 o (4)

An optical amplitude modulator may be constructed by placing a
KDP crystal, with electrodes as described above, between two polarizers.
The polarizers are first aligned in perpendicular directions, as shown in
Figure 1, so that the light beam is not transmitted. The KDP crystal is
then oriented with its optic axis parallel to the beam and with the two
perpendicular polarization axes 45° with respect to the polarizers. The
linearly peclarized beam entering the crystal is decomposed into two equal
components along the birefringent axes of N1 and Nz. Upon exiting the
crystal, the components recombine, but due to the phase shift Ay} the beam
is elliptically polarized. A component then exists which will pass through
the output polarizer, or analyzer as it is called.

It may be shown that the normalized amplitude of the electric field

]
intensity, Eo’ of the output light component is given by~

(S =}
<

=0y (5)

E0 = sin ( v

=

If the modulated output beam is detected with a square-law photo-
detector, the detector output current is proportional to the light inten-

sity, that is, the square of the electric field intensity. Then the



normalized detector current, I, will be

) . (6)

I= sing(

(S f=
:fqaﬂ

This response, shown in Figure 2, 1s obviously nonlinear. The linearity
of the Pockel's effect refers to the fact that the phase shift, A, is
a linear function of the applied voltage.

Essentially linear intensity modulaticn may be obtained for modu-
lating voltages small compared to V_ if the crystal is electrically biased

I

with a voltage * % [I. However, a much simpler non-electrical method of
biasing is available. A plate of naturally birefringent material cut to

a thickness which gives a phase shift

(7)

(o) tem

= %
Awo x

is called a quarter-wave retardation plate. Such a quarter-wave plate
may be placed in the modulator in front of the KDP crystal. Doing so
moves the zero signal response point to one of the linear parts of the

response curve shown in Figure 2. Then the detector current is given by

\')
- 2y I m IO
1 = gin | 5 VH + 2 ) (8)

where the sign depends on the orientation of the plate.

In the above discussion no explicit mention of time variation of
the variables Em,Vm, or A has been made. In fact, the above analysis
is based on steady-state values for these variables. It has been shown,
however, that the relation between A1 and Em’ given in equation (3), is

little affected by time variation of Em from zero up through microwave
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rates3. Thus KDP modulators are capable of considerable bandwidth. For
further reading about electro-optic light modulators, several references
are given.3’4’5’6
TDM-PAM
Pulse amplitude modulation, or PAM, is obtained by replacing the
waveform to be transmitted with a set of uniformly spaced samples of this
waveform. Mathematically a PAM waveform is the product of a periodic
gating function and the original waveform. If the original waveform has
a DC component, the sampled output in the absence of AC components will
simply be a uniform pulse train whose amplitude will be called the pedes-
tal. The sampling theorem of communications theory states that if the

signal to be sampled may be represented by Fourier components no higher

in frequency than fh’ then a sampling rate

£ = 0f (8)

is sufficient for the original signal to be recovered exactly by use of
an ideal low-pass filter. In practice ideal filters do not exist.
Sharp cut-off low-pass filters must be used both to limit the highest
frequencies of the input signal before sampling and to recover the sig-
nal from the sampled waveform. To avoid distortion resulting from the
use of non-ideal filters, it 1s necessary to choose the sampling fre-
quency somewhat larger than twice the nominal cut-off frequency of the
input filter.T’B
Transmission of a sampled waveform requires greater bandwidth

than is required to transmit the same information in unsampled form.

However, since there is time between samples which is unused, it is



possible to time-division-multiplex, or TDM, the PAM signals and thus
send several different signals over the same transmission link. A TDM-
PAM waveform is illustrated in Figure 3.

For a telemetry system in which many slowly varying signals are
to be transmitted, the entire TDM-PAM process might consist simply of
a commutator sweeping around a set of contacts. The signal thus gener-
ated could then be used to amplitude modulate a high frequency carrier.
At the receiver the amplitude modulated carrier would be detected, and
the resulting TDM-PAM signal would be applied to another commutator
operating in synchronism with the first. At each contact a PAM signal
would appear, which after filtering would represent one of the original
signals being transmitted. This example is almost exactly analogous to
the proposed system with the radio-frequency carrier replaced by a light
beam carrier and the mechanical commutator by an electronic commutator.
The only basic difference is that in the light system it is the square
of the carrier amplitude which is modulated, rather than the amplitude

itself.
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CHAPTER II

SYSTEM DESIGN AND CONSTRUCTION

General Considerations

A block diagram of the completed system is shown in Figure 4.

As was noted in Chapter I, input filtering, sampling and multiplexing,
demultiplexing, and output filtering are essential functions in any
TDM voice system. The additional functions shown require some further
comment.

In a TDM system the receiver must produce control pulses which
sequentially open the gates that separate the multiplexed signal into
the individual channel pulse trains. It is generally required that some
aspect of the transmitted signal provide a means for the receiver to ob-
tain and maintain gate control synchronization. The arrow labled "Gate
Control" id the block diagram indicates that in the laboratory system
the demultiplex gate control pulses were transmitted directly by wire.
This simplification was made to reduce the required amount of circuit
construction, but it did not significantly affect the results obtained.

A KDP crystal modulator employing longitudinal modulating fields
requires modulating voltages greater than 1000 volts to effectively
utilize the linear part of the system response curve shown in Figure 2.
Thus while it was possible to use high speed transistors in the multi-
plex unit, high voltage vacuum tubes were required for amplification
prior to modulation. The high voltage and wide bandwidth requirement
of this amplifier will be seen later to be one of the limiting factors

of this system.
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The photodetector shown in Figure 4 is a photomultiplier tube.
This device behaves both as an antenna and a square-law detector of visi-
ble electromagnetic waves. It acts almost like an ideal controlled cur-
rent source which responds linearly to the square of the received electric
field strength. The photodetector is followed by a transistorized wide-
band amplifier which also acts as an impedance matching device for the

demultiplex gate circuits.,

System Components

The Laser

The coherent light beam necessary for the system was provided by
a helium-neon gas laser employing external spherical mirrors spaced 143
cm. apart. The power output of this laser was approximately 0.1 mw at
a wavelength of 6328 i. The mirrors were aligned so that only a single
transverse mode set was excited. The output pattern was a (0,0) config-
uration, that is, a single spot. Excitation was provided by a radio
transmitter producing about 40 watts of radio-frequency power at 28 mc.
The laser was crudely shock mounted by placing the laser opiical bkench
assembly on a heavy wooden table supported by one-inch thick rubber pads.

The laser and its associated transmitter were not electromagneti-
cally shielded, and due to the wide-band nature of the other equipment
being used, problems were incurred from 28 mc interference. These problems
were overcome in the following way. The light modulation and demodulation
system was placed about 15 feet from the laser on a copper ground screen
with all low frequency leads by-passed to it with small value capacitors.
Shielded leads and coaxial cables were used where necessary, and a 28 mc
blocking filter was built into the input of the receiver wide-band ampli-

fier.
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The Multiplex Chassis

Western Electric no. D166019 filters were used as input filters
to limit the bandwidth of the audio input signals. A frequency response
curve of one of these filters is given in Figure 5. This response was
obtained with a 600 ohm audio-oscillator source and a 39 K-ohm filter
load resistance. Data was taken with a Tektronix 545B oscilloscope.

The evaluation objectives required a two channel system in which
sample duration, channel separation, and sample rate were all variable.
No provision was necessary for coding of synchronization signals. System
planning indicated that a more efficient high-voltage amplifier could be
built if the multiplexed pulses were unidirectional with amplitude varia-
tion about the pedestal level of approximately * 25 per cent.

The block diagram in Figure 6 illustrates functionally how these
goals were accomplished. The sample rate was provided by an external
audio oscillator. This sinusoidal input was converted to a square wave
of the same period by a two state transistor circuit, generally known as
a Schmitt trigger. A monostable multivibrator, whose output pulse dura-
tion could be varied externally, was triggered each sample period by the
negative-going edge of the square wave. The gate control pulses for the
two sequential channels could then be taken from two more monostable
multivibrators. These were triggersd separately by the leading and
trailing edges of the output pulse from the first moncstablemultivibrator.
Channel spacing and sample duration could thus be controlled by changing
the timing capacitance in the three monostable multivibrator circuits.
Provision was made for adjusting the pedestal amplitude of the gated

audio signals by leaving the transistor gate bias variable. The sampled
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signals were combined in a diode adder to give the multiplexed output.
This output consisted, under full input signals conditions, of positive
going pulses whose amplitudes were modulated between three and five volts.
A schematic diagram of the constructed unit appears in the appendix.

The nominal value chosen for the sample frequency, fs’ was 10 Kc,
which implies that the frame width was 100 psec. Both the sample pulse
duration and the off-time between pulses were chosen as 2 psec. Thus,
of the 100 psec frame width, only 8 psec were required for two channels
and 92 psec were left. In principle this means that the system had capa-
city for 23 more identical channels. In all succeeding discussions
"channel A" will refer to the first pulse of each frame, and '"channel B"
will refer to the second pulse.

The KDP Modulator

The KDP modulator chosen for the system was a Baird-Atomic EOLM
model JX-1. This modulator consists of a 1 in x 1 in x 1/2 in Z-cut KDP
crystal with bonded electrodes. The crystal, electrodes, and glass cover
plates are mounted in a teflon case. Two polarizers of the Polarocid type
were furnished also, but without specifications concerning them. A re-
tardation plate with phase shift of approximately a quarter-wavelength
was used for biasing.

The half-wave voltage, VH’ of the JX-1 at 6328 i is 10,400 volts.
Figure 2 shows that effective use of the linear portion of the response
curve would require modulating voltage swings of several thousand volts,
with the exact amount depending on the tolerable nonlinearity. Based on

restrictions due to the high voltage amplifier, it was decided to use

modulating pulse variations of about 1500 volts maximum.
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Several properties and restrictions of the JX-1 were important in
its use. For frequencies up to a few megacycles, the modulator appears
electrically as a 15 ppfd capaciter whose losses are negligible. The
crystal is piezo-electric and has a fundamental mechanical vibration
resonance which was measured to occur at 35 Ke. It is a property of KDP
that mechanical stress from the piezc-electric vibration may cause unde-
sired modulation effects. These and other details concerning the JX-1
may be found in the Baird-Atomic EOLM manualug

The High-Voltage Amplifier

The high-voltage requirements of this amplifier led to the use of
vacuum tubes instead of transistors as the most direct approach for the
design. Polarity and linearity reguirements dictated that the amplifier
have two stages of class Al amplification prior to the final high-voltage
stage. These first two stages were based on a 12AT7 triode followed by
a 6L6 pentode, with wide~band characteristics and linearity being obtained
by using cathode degeneration and low plate resistance with shunt peaking.
The output of the first two stages, when a maximum system input signal was
present, consisted of pulses whose amplitude varied from 90 to 150 volts.

The nature of the drive pulses allowed the use of an efficient
final amplifier stage biased far into the cut-off region at -150 volts.
Figure 7 illustrates how the pedestal of the drive pulses served to bring
the stage out of cut-off and place it in the linear region to amplify the
variation contained in the upper two-fifths of the pulses. To accomodate
the 1500 volt ocutput variation desired, this final stage was implemented
with an 813 beam-power pentode, again with shunt peaking.

In that the load seen by this amplifier was a nearly lossless



>
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capacitor, the KDP crystal, the useful output power was essentially zero.
It was unfortunate that the plate load resistance had to be of a low
value in order to obtain the necessary wide bandwidth response. Even
though the use of cut-off bias reduced the power expended considerably,
the current swing capability of the 813 tube placed a lower bound on the
plate load resistance of about 5 K-ohms. This was the value chosen.

The output capacity of the 813 in parallel with the KDP crystal then
produced an RC time constant of approximately 200 nsec. The complete
amplifier circuit may be found in the appendix.

The Photodetector

A photomultiplier tube is a device which combines a photo-sensitive
cathode with a multi-electrode secondary-emission current amplifier. The
current amplification factor is controllable over a very wide range by
varying the DC voltage to the divider network supplying the successive
current multiplying electrodes. An RCA 7102 photomultiplier tube was
chosen as the light detector. This tube has an output current response
which is independent of load resistance up to several meg-ohms and inde-
pendent of the frequency of light modulation to approximately 100 mc.
Operated with a 200 K-ohm divider network, as it was, the response is a
linear function of incident light intensity over the permissible range
of output current, O - 10 pamps.

In the construction of the receiver system, the photodetector was
allowed to be physically remote from the wide-band amplifier and demulti-
plexer by use of a 50 ohm coaxial line. In order that the line could be
properly terminated without forcing the photomultiplier anode load to be

only 50 ohms, a two stage emitter follower circuit was incorporated in
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the detector chassis to provide a 5.75 K-ohm anode load. The circuit,
which is given in the appendix, was designed so that the average anode
current level could be monitored by a vacuum tube voltmeter without
affecting the AC response and so that 28 mc interference could not be
introduced by the DC leads. The low frequency 3 db point due to the
output coupling capacitor was 16 cps. Other system components were de-
signed with low frequency break points of from 5 to 10 c¢ps.

It will be recalled that orientation of the quarter-wave plate
allowed a choice of two operating points as was shown in Figure 2. By

choosing

o |

; (1)

Ny = =
‘o

the linear part of the response curve about the operating point was made
to have a negative slope. In this way the negative-going output pulses
of the high-voltage amplifier produced increasing intensity light pulses.
This condition was desired so that the detector current pulses could be
allowed to exceed the maximum average current allowable, if necessary.
However, this additional gain capability of the photodetector circuit did
not prove to be required.

The photomultiplier tube output signal taken across an anode load
consisted of negative pulses. When the system was operated at maximum
level audio input and the photomultiplier sensitivity was adjusted for
an average current of 6 pamps, the maximum output signal variation de-
veloped across the 50 ohm load by the emitter follower circuit was 22 mv.

Other Receiver Components

The wide-band amplifier, the demultiplexer, the audio filters,
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and the audio amplifiers were all incorporated in one chassis and will be
described together. The transistor gates, which served to decommutate the
received signal and which received their control pulses directly from the
multiplexer chassis, were designed for pulses with a maximum amplitude of
2.5 volts. Thus a three stage linear transistor amplifier was built to
amplify the 22 mv pulses delivered by the photomultiplier tube chassis to
the required 2.5 volt maximum. Linearity and wide bandwidth were enhanced
by using emitter degeneration in the common emitter configuration. As

was noted earlier, an L-C trap was built into the chassis at the input to
this amplifier to eliminate 28 mc irterference.

The Fourier spectrum of a PAM waveform, such as the ones obtained
from the gates, contains a very strong sample frequency component. The
Western Electric filters used in the multiplexer proved to be sufficient
to suppress the unwanted lower sideband of the 10 K¢ sample frequency but
not the sample frequency itself. Sample frequency rejection was improved
by employing simple R-C filtering in addition to the Western Electric
filter, but as a result the 3 db bandwidth of the audio output was reduced.
The addition of a stage of audio amplification in each channel completed
the system, giving a root-mean-square output of .0.5 volts for a maximum
input sinusoidal signal in the pass band. All circuits are given in the

appendix.
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CHAPTER III

SYSTEM EVALUATION TESTS

Test Conditions

The conditions under which the evaluation tests were made, ex-
cept where noted, are given as follows. The sample frequency equaled
10 kc. The duration of both the samples and the off-time between them
was 2 j.sec. The input signals were sinusoidal with amplitudes approxi-
mately equal to 2 volts rms, sufficient to drive the multiplexer output
pulses between the minimum and maximum limits of three and five volts.
The PM tube sensitivity was adjusted to give 6.0 pamps average anode
current, although frequent adjustment was necessary due to laser intensity

drift.

Nolise and Interference

When a 70 cps sinusoidal signal was applied to the channel B
multiplexer input, the receiver rms output voltage of channel B was mea-
sured with a narrow-band wave analyser to be 580 mv. Without any input
signal present, data were then taken to plot a spectrum of the undesired
noise and interference in the output of channel B. On the lower ranges
required for most of the data the feading of the meter was made difficult
by needle fluctuations of about the same magnitude as the values actually
recorded. It was established, however, that these fluctuations were due
to the signal being observed rather than due to noise in the wave analyser.

The data was later used as recorded in millivelts in the nonlinearity test,
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but it is presented in Figure 8 in the form of per cent of the nominal
580 mv signal.

Additional tests were made to help interpret the graph shown in
Figure 8. First the system was left in operation and the photodetector
was blocked. The spectrum then consisted of only a very small amount of
flat wide-band noise with one small spike at 60 cps. This test showed
that most of the undesired signals did not originate in the receiver
after detection. Next the spike frequencies shown in Figure 8 were re-
checked twice — once with the system operated as before and again with
the modulator removed from the beam and the photomultiplier tube read-
justed for 6 pamps average anode current. The results of the second
check showed that, within the reading accuracy of the analyser, all of
the spikes and bumps in the spectrum were contributed by variations in the
laser beam itself and not by the modulation system or the receiver.

The following instruments were used in the preceding tests: a
General Radio 736—A Wave Analyser with voltage accuracy given as 5 per
cent and response 60 db down at 30 cps off center frequency; a Hewlett
Packard 410-A VIVM as the photomultiplier tube monitor; a HP 200-CD Audio
Oscillator for the sample frequency; and a HP 200-A Audio Oscillator for
the input signals. The frequency range of the HP 200-A was 35-35,000

cps.

Frequency Characteristics

The audio analyser may be read directly in decibels as well as
in volts. The input signal supplied by the HP 200-A oscillator was varied
in frequency from 35 cps to 10 Kc, and the output was measured with the

wave analyser in db below the value measured at 200 cps. Although this
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test was performed separately for each audio channel, the results were
negligibly different so only the characteristic for channel B will be
presented. This graph is given in Figure 9.

The peculiar "shelf" which appears in the graph is the result of
a dip in the Western Electric filter characteristic. The roll-off prior
to 3 K¢ is due to the R-C filters employed in the receiver. Although
not shown in the graph, the 10Kc sample frequency was measured to be
50 db down in both channels. It may be noted that the data-point fre-
quencies were chosen to avoid the interference spikes observed in the

preceding test.

lNonlinearity

It was desired to characterize the system nonlinearity by finding
the coefficients of a truncated power series representing the voltage
transfer relation between input and output. To do this it was assumed
that the output voltage for frequencies in the pass band was given by a
fourth degree equation

)T+ k

e =k, e, + k2(ein 3

out 1 “in (ein)3 * k4(9- )4- (1)

in

The coefficients, ki’ were to be found experimentally.

If one assumes that e, =~ in (1) is given by

ein = V (cos A1f,t + cos 2ﬂf2L) (2)

and then expands (1) trigonometrically,one would find thot hn ountput under

such signal conditions would contain sum and difference frequencies of fl

f.,. The coefficients of the various frequencies present would be algebraic
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combinations of the coefficients in (1). By operating the system with
an input signal as given by (2) and measuring the coefficients of the
trigonometric expansion of (1), the coefficients ki could be calculated.
Two frequencies were chosen, 500 and 700 cps, so that none of the
sum and difference frequencies of interest would lie within 30 cps of
each other or within 30 cps of noise and interference spike frequencies,
This choice was made so that the wave analyser would give 60 db rejection
of undesired signals. The amplituds, V, of each input component of chan-
nel B was adjusted to 1.56 volts, the value which caused the sum signal
to have the maximum allowable peak-to-peak swing. A careful search for
the expected sum and difference frequencies revealed that most of them
were lost in the small wide-band noise present, and that the maximum sig-
nal found was approximately 39 db below either of the desired components,

fl and f2.
As was the case in measuring the noise spectrum, the meter needle
fluctuations made data taking difficult. In a typical instance the meter
needle fluctuated mostly between 3 and 7 mv. The noise at a frequency
30 ¢ps removed from this signal caused fluctuations between 1/2 and 4 mv.
The values recorded in these instances were 5 mv and 2 mv respectively.
Despite the obvious question of accuracy, the recorded values were used
to determine a third order expression for the system transfer character-
istic.

) 2 3
out = 0.27 e, +0.002 (e, )° + 0.001 (e, ) (3)

Thus nonlinearity was not a serious defect of this system.
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Signal Waveform Study

System Waveforms

A Tektronix 545B oscilloscope with the 1Al dual-trace plug-in
unit was employed as a means of observation and measurement of the wave-
forms present at various points in the system. The oscilloscope rise
time with P6006 10x probes was given by the manufacturer as 1l nsec, and
voltage calibration was given as 3 per cent. Input impedance with the
probes was 10 meg-ohms paralleled by 7 ppfds, and the maximum allowable
input voltage was 600v.

Permanent records were made of the waveforms with a Dumont 302
Oscillograph Record Camera. The film was Polaroid, type 47, and the shut-
ter conditions were f 2.8 and 1/25 sec. Some of the pictures are presented
in Figure 10. It should be noted that the oscilloscope camera inverted
the horizontal scale in these photographs so that increasing time is to
the left.

Picture (a) in Figure 10 compares the multiplexed signal prior to
amplification, shown in the bottom trace, with the inverted output of the
high-voltage amplifier. Because of the time scale inversion, channel A
is to the right, followed by channel B to the left. The sweep rate was
l;xsec/division; sensitivity was 5 volts/division on the lower trace and 200
volts/division on the upper trace. Due to the 600 volt maximum input
limitation of the oscilloscope a voltage divider was used to reduce the
high-voltage output signal to the 400 volt maximum shown in the picture.
Calculations which took into consideration the loading effect of this
voltage divider showed that the reduction ratio was 4.2:1 and that rise

times should have been less than 3 per cent in error.
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Picture (b) was taken under the same conditions as (a) but with a
sweep rate of 0.1 psec/division. In theseé two pictures one can note
first the pedestal previously mentioned in the lower trace and its near
absence, after class C amplification, in the upper trace. Taking into
account the reduction factor, one may calculate the gain of pulse ampli-
tude variation in the high-voltage amplifier to have been 630. It may
also be seen that while the rise time of the transistor multiplexed pulses
was only 25 nsec the rise time after amplification was 300 nsec. If one
measures pulse delay from the half-rise point, the amplifier delay was
also about 300 nsec.

Photograph (c) shows the high-voltage pulses replaced with the re-
ceived light signal after it had been detected and amplified for gating.
The lower trace was again taken from the multiplexer output for comparison.
The upper trace was made with a sencitivity of 2 volts/division. The
effects of wide-band receiver noise are noticeable in the upper trace, and
it may be seen that the delay had increased to about 500 nsec.

Picture (d) was taken under the same conditions as those for (c)
but with sweep rate slowed down to 20 psec/division. In this picture
almost two entire sample frames are visible. The bottom trace is still
the multiplexer output, and it shows that the spacing would allow 23 more
channels per frame. Of great importance is the fact that the received
frames recorded in the upper trace show that two additional pulses were
received which did not correspond to any electrical modulating signal.
Further it may be seen that some transient ripple was present throughout
the entire frame. A more careful study of these effects will be presented

in the next section.
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Photograph (e) in Figure 10 was taken under the same conditions
as (c) but with the two oscilloscope probes on the output of the demulti-
plexing gates. The lower trace shows channel A gated, and the upper trace
shows channel B gated. Since the gating pulses were negligibly delayed,
these traces show the total delay of the signal pulses. The exponential
rise to the left of each received pulse was a result of initial R-C
filtering.

The last picture, (f),was taken with sweep rate of 1 msec/division
and sensitivity of 1 VOlt/division‘ The probe was on the audio output
of channel A. The effects of noise and interference are visible as wave-
form distortion of the original 670 cps sine wave input signal.

Crystal Effects

As has been stated, KDP crystals are piezo-electric in nature and
may be mechanically stressed by electric signal voltages on the field
electrodes. Unfortunately, the mechanical stresses so produced can cause
modulation in a KDP modulator. The strange appearance of the received
frames shown in Figure 10 (d) was attributed to such mechanical effects,
and further pictures were made to study them more closely.

In Figure 11 photograph (a) shows one received frame before ampli-
fication, recorded with a sweep rate of 10 psec/division and a sensitivity
of 10 mv/division. For clarity the picture was made with only one chan-
nel pulse train activated and that with no amplitude modulation. Picture
(b) was taken under the same conditions as (a) but with both pulse trains
activated. These pictures show clearly that undesired delayed pulses
were received. The known facts strongly suggest that these secondary

pulses were due to mechanical crystal transients. Had a third channel
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been implemented in this system, its pulses would have fallen exactly
on top of the transient pulses from the first channel. That this would
cause a cross talk problem will be seen in the next section.

The JX-1 manual had indicated that the fundamental piezo-electric
resonance of the crystal should have been approximately 48 Kc. Pulse
waveforms such as those of a TDM system contain strong harmonics of the
sample freguency, and these were used to find the fundamental resonance.
By varying the sample frequency with only one unmodulated channel activated,
the resonance was found to occur at the third harmonic of 11.8 K¢ and at
the fourth harmonic of 8.8 K¢, that is, at 35 Kc. Picture (c) in Figure
11 was taken with the sample frequency at 11.6 Kc because it was feared
that a sustained signal at 11.8 Kc might damage the crystal. In this
picture three periods of the fundamental vibration may be counted. It

will be seen that cross talk might cccur for sample frequencies so chosen.

Cross Talk Investigation

Cross talk refers to the reception in one channel of the signals
transmitted in other channels. In a TDM-PAM system it usually results
from incomplete decay or nullification of the transients from the pulses
preceding the one of the channel in question. In the constructed system,
the channel B pulses followed immediately the channel A pulses so cross
talk was much larger in channel B than in channel A. It was therefore
decided to measure only the cross talk in channel B.

To obtain a measure of the cross talk, the following procedure was
used. The input signals of channels A and B were supplied by two HP 200-A

oscillators at 400 cps and 300 cps, respectively. These frequencies were
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chosen in the flat part of the audio pass band away from the large inter-
ference spikes. The input amplitudes were adjusted so that the desired
output signal amplitudes in the two channels were equal, as measured with
the wave analyser. This adjustment required that the input amplitudes

be slightly unequal due to small differences of gain in the output audio
amplifiers. The wave analyser was then used to measure the amplitude of
the undesired 400 cps signal in the channel B output as a per cent of

the desired 300 cps signal amplitude.

Cross Talk Vs. Sampling Frequency

Ordinarily one would not expect the pulse transients to be depend-
ent on the sample frequency in a TDM system. As was previously noted,
however, crystal effects caused the transmitted waveform to be very de-
pendent on the sample frequency. Thus cross talk data was taken with
the sample frequency as a parameter from just above the 8.8 Kc resonance
to just below the 11.8 Kc resonance. The test was made with the off time
between pulses at the nominal 2 psec and then repeated for off times of
1.5 psec and 2.4 psec. However, the resulting data was negligibly dif-
ferent in the latter two instances from that in the first so only the
data from the 2 psec case is presented in Figure 12. It may be observed
in this graph that there was a cross talk null for a sample rate of 10.2
Kc.

Cross Talk Vs, Pulse Spacing

Cross talk data was also taken with the off time between pulses,
t, as a parameter, and the resulting graph is shown in Figure 13. In
this test the sample frequency was set at 10.2 Kc, the null found pre-

viously. This same null may be seen in Figure 13 at the point, t = 2 psec.
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As was expected, the cross talk became more severe as the time t ap-
proached zero. The dramatic result, however, was that a large cross talk
maximum occurred for t = 6 psec. The waveform photographs in Figure 10
of the last section show that this cross talk maximum corresponded ex-
actly to the undesired secondary pulse believed to be produced by the

crystal transients.

The Voice Test

The system was subjectively tested by simultaneous transmission
of two male voice readings. First the voices were recorded on the separ-
ate tracks of a stereo tape with an Ampex 351-2 stereo recorder-repro-
ducer. This machine then provided the inputs for the system. The out-
put levels of the reproducer channels were adjusted so that the audio
voltage peaks exceeded the nominal limits of the system. Unfortunately
the only other available tape recorder was an Ampex 600 portable which
was not capable of two track recording. Both output channels were re-
corded, however, by recording one and then replaying the stereo input
tape and recording the other.

The output tapes were compared with the input tapes by playing
them sequentially through an Ampex 620 Amplifier-Speaker. The subjec-
tive opinion of several people was that the output was quite intelligible
and recognition was good. The abssnce of high-frequency response was
notable as had been expected. Both noise and interference hum were pre-
sent to limited extent, but cross talk could not be detected by ear.

The 10 Kc¢ sample frequency was barsly detectable, if one listened for it.
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CHAPTER IV

BASIC SYSTEM LIMITATIONS

In this chapter two types of system limitations will be discussed.
The first section will deal with effects which were observable in the
constructed system. In the second section some limitations will be pointed

out that would affect systems of greater bandwidth.

Discussion of Results

Laser Effects

In Chapter III it was shown that the intensity of the laser beam
was already modulated with undesirable audio signals before modulation by
the experimental system. Although the laser was only crudely shock mounted,
the fact remains that lasers are extremely sensitive to vibration. The
relative magnitude of the laser-introduced background noise in the exper-
imental system would be acceptable in a military voice communications link,
perhaps, but the high quality transmission of music would require very
much better laser mounting. This problem would become even more severe
if, for other reasons, a lower per cent modulation were deemed necessary.

Detector Noise

In the laboratory system the total distance of transmission was
only five feetj still, there was a quite audible amount of wide-band
noise in the received audio output which was generated by the receiver
itself. This noise was mostly the result of very-wide-band shot noise

from the photomultiplier tube.
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There are several ways in which the output signal-to-noise ratio
might be improved. One certain way would be to first shape the transmit-
ted pulses for minimum bandwidth requirements and then incorporate a
wide-band, low-pass filter in the receiver prior to demultiplexing.
Downingll treats such "base-band filtering" and other schemes for improving
signal-to-noise ratic in TDM-PAM systems. The photomultiplier tube is a noisy
detector, but it has high sensitivity and great bandwidth. It is possi-
ble, however, that other forms of light detection can provide better sig-
nal-to-noise characteristics. An obvious final suggestion for an investi-
gator of optical TDM systems is that other forms of pulse modulation,
such as PDM, PPM, or PCM, could give better output signal-to-noise ratio

11

than PAM, although at the expense of some bandwidth.

Modulation Power

Although not discussed as an evaluation result, the question of the
high-voltage amplifier output power arose in the design of the system.
It is presented here with a simple model to demonstrate a general rela-
tion between power, achievable pulse rate, capacitance, and voltage param
eters of the crystal. In this discussion the KDP crystal modulator will
be considered electrically as an ideal lossless capacitor. It will fur-
ther be assumed that in a wide-band pulse system the energy expended in
charging the crystal capacitance to the desired voltage may not be con-
served.

The model to be used is the following one. An ideal controlled
current source is loaded by a resistance, R, in parallel with the output
shunt capacity, C, which includes the crystal capacity. The output cur-

rent consists of a uniform rectangular pulse train of amplitude Imax



41

whose pulse duration is 5 RC and whose spacing is also 5 RC. Thus the

output voltage pulses are nearly rectangular and reach a maximum given

by

v =1 R. (1)

The amplification is considered to he such that Vmax is the rms value of
peak pulse voltages which would be used in a real TDM system. Moreover,

, where QH was the half-wave retardation

v would be chosen as some k V.
max 1I

voltage and k was some constant fraction less than one.
From the assumed pulse shape the pulse rate, W, follows immediately

as

] ]
4 =12Y (Brc) T Tore ° (2)

The output power of the amplifier may be approximated by assuming the
voltage waveform to be exactly rectangular and calculating the energy de-

livered per pulse from

(kv_)2
U = R—“ (5RC) +% (kvn)2 . (3)

The power delivered by the current source is then
~ _ 28 €.2.9
P-WU—W[5CkVn+2k2Vn]. (4)

Now, it is true that other waveshapes and more sophisticated circuit de-
sign could reduce the required power, and perhaps a better practical es-
timation would be only half of that given in (4). At any rate, for a

nonconservative system, a theoretical lower bound can be given as
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o i
Pmin = CkVW (5)

It should be pointed out here that work is currently being done
on transverse Pockel's effect modulators. In such modulators the modu-
lating field is applied perpendicular to the beam, and VH is inversely
proportional to the length of the crystal. The capacitance is propor-
tional to the length. Equation (5) shows that, for such a medulator,
power reduction would result from increasing the modulator length.

The essential point to be made is that both the per cent modula-
tion and the crystal half-wave voltage enter the power expression squared.
Because of this fact, the design of a very high rate pulse modulator should
sacrifice increased capacitance for lower Vn if possible. Furthermore,
when considering signal-to-noise ratio and per cent modulation it should
be remembered that lowering k will result in transmitter power savings

proportional to (k)z.

Crystal Transient Effects

It was observed in Chapter II1 that unacceptable amplitude modu-
lation occurred due to piezo-electrically induced mechanical stresses in
the crystal. This piezo-optic effect, as it is called, is exhibited by
all Pockel's-effect crystals of the KDP type, that is, of symmetry class
42m. Stephanyl2 shows that these crystals may exhibit strong resonances
up to approximately the 1000th harmonic of the fundamental resonance fre-
quency if rigid mounting is not used. However, the JX-1 manualg states
that "... the laminated cover glasses and mount severely damp the reso-
nant vibration." The results, then, indicate that even with firm mount-
ing the piezo-optic effect will produce a very serious problem for a high-

rate TDM-PAM system design.
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Before abandoning the idea of pulse amplitude modulation altogether,
a designer should investigate several possibilities. The piezo-optic ef-
fect is relatively more pronounced in some materials than in others.
Ammonium dihydrogen phosphate, or ADP, exhibits the effect to a greater
degree than does KDP, but more recently discovered modulating materials
may not. A thorough study of crystal shapes and mounting methods to mini-
mize the effect should be made. It could well turn out; however, that it
is not feasible to reduce the crystal-introduced cross talk to an accept-
able level for a TDM-PAM system. Should this be true, it would appear
that one of the other pulse modulation systems, which are relatively in-
sensitive to amplitude variations, would solve the problem if the extra

bandwidth necessary were available.

Discussion of Other Effects

Modulation Mathematics

In Chapter I it was stated that the detector current in a system
employing a KDP modulator with a quarter-wave retardation plate and a

square-law detector could be given as

4

Y jam|

I = sin (6)

i

<| <
=~
I+
N [

where Vm was the modulating voltage. Expression (6) may also be inter-
preted as the intensity, I, of the modulated light beam. This mathemati-
cal model was quite sufficient for the constructed system, but it would
break down at higher frequencies and thus needs some refinement. In the
derivation of (6) it is assumed that the modulating electric field with-

in the crystal does not change appreciably during the transit time of a
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photon passing through the crystal. This assumption would not be valid
if the pulse waveform bandwidth extended to the gigacycle range.
Holshouser, Von Foerster, and Clark have written a paper called

13 The mathematics

"Microwave Modulation of Light Using the Kerr Effect."
of the Kerr effect modulator are similar to those of the Pockel's effect
modulator. The difference lies in the fact that, in the Kerr effect,
phase retardation is proportional to the square of the modulating field
instead of being a linear effect. It should not be too difficult a task
to modify the integrals and transformations given in the paper mentioned
to predict the response of a Pockel's modulator to gigacycle rate pulse

trains. However, this task will not be undertaken here.

Multiple Carrier Freqguencies

There is another effect, not accounted for by (6), which occurs at
modulating frequencies an order of magnitude smaller than those involved
in the transit-time effect mentioned above. In the derivation of (6) it
is assumed the light beam is truly monochromatic, that is, its electric
field strength may be represented by a single-frequency sinusoidal vector
function of time which is independent of position on a plane perpendicu-
lar to the direction of the beam. As a result of this assumption, the
field strength of the linearly polarized output beam may be represented

at one point in space and in one direction by

I Vm I
E(t) = E0 cos wot sin ( > vg b ) (7)
"o
where‘aﬁ is the single light frequency. Squaring (7) and neglecting the

constant multiplier and the 2w0t term gives (6).
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Unfortunately, most laser beams do not obey the above assumption,
because they contain several distinct frequencies instead of just one.
The 6328 A helium-neon laser is an oscillator which uses a multimode
cavity resonator and an amplifying medium whose bell-chaped freauency
characteristic encompasses several modes. If the laser is operated with
only longitudinal modes present,l4 the output beam will contain discrete

frequencies spaced nearly uniformly in the pass band by an amount

.f_\.f%%g . (8)

Here ¢ 1is the speed of light and d 1is the spacing between the laser mir-
rors. The total width of the pass band, while negligibly small in terms
of the light frequency, is still approximately 1000 mc. This is suffic-
ient for about 10 different light frequencies to exist in the output of

a 150 cm laser.

Let it be supposed that a modulating signal is given by

vV (t) = V. cos w_t (9)
where

W < of (10)
and that the laser beam field strength is given as

E(t) =A coswt+A cos (w +Aw) t + ... (11)
o) o) 1 o]

ees + A cos (w_+nAw)t,
n 0

where
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Aw =M A f=20=. (12)

I Vs i
Eout(t) = ! gin (EE cos w_t +z> (13)

£ )
e 1 ZlAj c0s (wo + j &w)t’ .
j=0 =

The light detector is assumed to be a square-law device with a pass band
from zero to 2 Af. If one omits the constant multiplier and the frequency
terms outside the pass band of the detector, the detected current may be

expressed as

v

i(t) =| 1+ sin (I ?é cos w t) (14)
. s

- N

n
E: A? + 2 ZJA.A. cos Awt | .
j 3 3=l
=0 j:l

.lJ

For linear response, VS will have been chosen small enough for the fol-

lowing approximation to hold.

V

vV v
sin [ I ﬁé cos w t ==l == cos w t (15)
il . I 8

After substituting the approximation, (14) may be expanded. The DC terms,
constant multipliers, and all frequency terms greater than Af are elimi-

nated to give the detector current terms of interest.
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i(t) = cos w.t + B cos (aw - ws)t + (16)
+ EEE— B cos A wt
I Vm 0 :

The relative coefficient, Bo’ is given by

n

Z A2
3

j=o

The second and third terms in (16) are undesirable. They show that if
the modulating signal were a wide-band one, with a highest frequency com
ponent greater than 1/2 Af, the lower side band of Af would interfere with
the desired signal in the detector output. Thus the useful bandwidth of
a system employing a multimode laser may be increased by making the laser
shorter and hence increasing Af.

Another point of interest concerns the factor, Bo’ in equation
(16). As Af increases, fewer frequencies remain in the laser pass band
and the amplitudes of adjacent frequencies vary more. This causes By to
decrease to zero as A f approaches the width of the pass band. In other
words, a single mode laser with only one output freguency may be obtained
by making the laser short enough, and such a laser would impose no 1/2 Af
frequency limit on the communications system. Fortunately, super-mode
lasers have recently been reported which produce only one output fre-
quency without suffering the loss of gain which accompanies the use of

very short lasersol5
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llodulator Limitations

In all discussions of power and frequency response the modulator
has been assumed to be an ideal lossless capacitor. Such a model would
not be valid at all frequencies. A more detalled model shows series in-
ductance and resistance for the leads and electrodes. Even though KDP
is a low-loss dielectric, a shunt loss resistor would be necessary for
the model at higher frequencies; and at some point lumped circuit models
would become totally inadequate.

Electrode or dielectric heating can easily destroy a KDP crystal
by thermal stress. In the case of the JX-1 modulator, for example, the
frequency limit of a 1500 volt peak sinuscidal signal is 20 mc in a 70°F
ambient temperature environment. This limit is imposed by electrode

dissipation even though the electrodes are made of solid copper plates.
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CHAPTER V
SUMMARY AND CONCLUSIONS

The lOld cps frequency of the optical laser seems to offer the
possibility of communications systems with very large information capa-
city as compared with the systems in use today. For example, if a l
per cent modulation bandwidth could be achieved, the usable bandwidth
would be lO12 cps which is enough to frequency multiplex approximately
200,000,000 single-sideband telephone channels. To make use of such a
bandwidth with a base-band TDI system would require circuitry with pulse
rise times on the order of 1642 seconds. Such circuitry is probably not
forthcoming in the immediate future.

There have been many papers on the subject of microwave modulation
of light, and it i1s true that such methods will probably result in more
usable bandwidth than will base-band TDM. However, microwave modulation
techniques leave a large gap in the modulation spectrum from zero up to
the giga-cycle range. It is precisely this gap which may be at least
partially filled by base-band TDM systems.

The evaluation of the constructed TDM-PAM system has shown that
such systems are feasible. Perhaps the main conclusions drawn from the
evaluation have been formulations of some of the important problems which
would appear in the design of a practical wide-band pulse system. These

conclusions will be stated in the following paragraphs.
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Undesired Amplitude Variations

The output amplitude of a laser beam is very sensitive to vibra-
tion of the laser mirrors. Any such amplitude variation at audible rates
is reproduced in every channel of a TDI-PAM system. If a photomultiplier
tube is used as a detector, shot noise from this device will constitute
one receiver problem. The JX-1 KDP modulator would be unacceptable for
a TDM-PAM system because of the cross talk introduced by piezo-optic
transients. A study should be made of crystal shapes and mounting methods
to minimize the piezo-optic effect. If the designer could spare the ex-
tra required bandwidth, all of these undesired amplitude effects could
be considerably reduced by using another form of pulse modulation such as

PDI, PP, or PCM.

Power
An expression for the minimum possible power output of the modu-

lating amplifier in a nonconservative system was given.

- BT
P. =Ck™V (1)

In this expression, C is the crystal capacity, W is the pulse rate, and
(kVn) represents the rms value of the output pulse voltage peaks. The
fact that voltage appears squared emphasizes the need for low voltage
modulators.

In comparison with (1) the losses in the crystal electrodes and
dielectric are small. These losses must not be neglected; however, for
a KDP modulator may be easily destroyed by the thermal stress due to such

dissipation.
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Multimode Lasers

The approximate spacing between the output frequencies of a gas

laser operated with only longitudinal modes present is given by

Af = (2)

It was shown in Chapter IV that if such a multimode laser is used in
any wide-band system, similar to the one constructed, the usable band-
width will be limited to one half the difference between laser frequen-

cies as given in (2).
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APPENDIX

A schematic diagram of the transmitter, which includes audio
filtering, sample pulse generation, audio sampling, channel summing,
high voltage amplification and light modulation, is given in Figure
Al on the following page.

The receiver, which includes an RCA 7102 photomultiplier tube
and associated circuits in a separate chassis connected by 50 ohm coax-
ial cable to the wide band amplifier, demultiplex gates, audio filters,
and audio amplifiers, is shown schematically in Figure A2, Note that
the high voltage resistance divider network required by the photomulti-
plier tube dynodes is not shown. The divider network used was one recom-
mended by the manufacturer, It was constructed with precision resistors

totaling 220 K ohms in series.
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