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PREFACE

The preparation of this thesis, with its related 
research and development activities, has been the result of 
nearly two years effort. The research itself has involved 
design, development, testing, and implementation of a com
plete laser communications system for transmission of slow- 
scan television and audio information. Many of the circuitry 
and electro-optical sub-systems, involve unique design con
cepts and, as a result, had to be breadboarded, tested, and 
modified extensively before the functional system described 
in this paper was achieved.

The author is grateful for the extensive time and 
effort contributed by Dr. Roger C. Jones, not only in the 
writing of this thesis, but in the solution of the many tech
nical problems which were confronted during.the development 
stages.
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ABSTRACT

Through the use of pulse-position modulation and the 
Kerr electro-optical effect, it has been possible to develop 
a practical laser communications system capable of simulta
neously transmitting slow-scan television and audio informa
tion. The system uses time multiplexing of audio and video 
pulse components; this is achieved through the extensive use 
of integrated circuits. The signal thereby obtained is 
amplified by a vacuum tube driver and applied to a Kerr cell 
(containing bromobenzene) to achieve modulation of a 6328A 
laser beam. The system performance has proved satisfactory, 
and distortion is minimal. -

ix



CHAPTER 1

INTRODUCTION

The primary goals of this thesis are to design and 
implement a digital laser communication system for the simul
taneous transmission of slow-scan television and audio infor
mation. In this regardg an attempt has been made to achieve 

- a measure of originalitys as well as practicality9 in both 
the design and implementation stages. In formulating the 
complete system, primary attention has been given to the 
experimental and theoretical design of an external electro- 
optical laser modulator and an associated pulse-position 
modulator consisting of an array of integrated circuits and 
a final vacuum tube driver. Most of the significant achieve
ments have been of an experimental nature in that both the 
optical modulator and electronic circuitry involve original 
design concepts and/or applications, rather than new physical 
or circuit theory. Although the modulator itself involves 
the century-old Kerr electro-optical effect in liquids, the. 
liquid used, namely bromobenzene, has not, to our knowledge, 
been used previously for laser modulation even though it is 

... a rather common organic liquid. This system demands higher . 
power consumption than many recently developed crystal

1



modulatorss but.it possesses the inherent qualities of low 
cost, excellent performance, acceptably large bandwidth, 
easy fabrication, and possibly other minor advantages.

Next, the transmitter itself consists of an inte
grated circuit pulse-position modulator followed by a three 
stage vacuum tube driver; the driver was designed to amplify 
the pulses from the microelectronic system for application 
to the brdmobenzene Kerr cell. In the above electronics, a 
frequency varying slow-scan television signal and an ampli
tude varying audio signal are transformed into pulses and 
combined appropriately to achieve time multiplexing. A 
pulse position modulation system was chosen because of its 
immunity to amplitude disturbances that might be encountered 
in the optical transmission path. Of course, a superior 
system would use pulse-code modulation, but this would 
involve more complexity than was deemed necessary.

In addition to the transmitter and modulator, a com
plete receiving system, again using, integrated circuits,was 
developed. The receiver uses a photo detector, suitable in 
rise time and sensitivity, feeding into a pulse pre-amplifier. 
The signal is then separated into its slow-scan television 
and audio pulse components, which are converted back to their 
original frequency and amplitude varying waveforms, respec
tively. The slow-scan TV signal is then fed into a standard 
SSTV monitor, and the audio signal is amplified and sent to 
a speaker. The experimental system performance in all of
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the above has been relatively free of distortion, to the 
extent that simple quantitative tests and qualitative 
visual and audio perception can determine.

From an analytical standpoint the accomplishments 
have been limited— but they are still well beyond that 
required for design of a functioning system. Principally, 
the analytical work is associated with the Kerr cell modu
lator and with certain aspects of applied information theory. 
An attempt has been made to outline and discuss the theory 
associated with all the limitations of the Kerr cell, as well 
as its basic macroscopic function. In particular, a compre
hensive analysis concerning the polarization of a dielectric 
medium as a function of time is included in Appendix A. 
Although a general discussion of the above is beyond the 
scope of this thesis, and in fact has never been formulated 
completely, an outline type analysis, which is further 
expanded in the acknowledged references, is given.

This thesis is not a comprehensive treatise, but it 
does begin to explore an area of optical modulation systems 
in which, to date, the theoretical possibilities have far 
exceeded the implemented technology.



CHAPTER 2

- * ' THE ELECTROOPTIC MODULATOR

Let us begin our investigation by considering the 
choice of our electrooptic modulator. Laser modulation may 
be achieved by many methods, some of which were developed or 
improved in recent years for explicit use with communication 
systems. These methods include techniques that are both 
external and internal to the laser itself (Steele, 1968, 
pp. 57-77). Briefly, internal methods include direct appli
cation of information and/or modulated carrier signals to the 
laser medium, variation of the laser resonant cavity length 
(resulting in a frequency shift of the spaced axial
modes and their associated transverse mode resonances for a 
given cavity), placing a modulated absorbing or phase shift
ing medium inside the laser cavity, and variations of these 
techniques.

For the purposes of this thesis an external modulation 
system was selected since a 5mw commercial He-Ne laser was 
readily available and an inexpensive yet versatile method was 
desired. Among the more popular approaches to external modu
lation are variable absorption, Faraday rotation, the Pockels 
effect in crystals, the quadratic Kerr effect and the electro- 
acoustical effect. Also available are such mechanical methods



' ' ■ 5 .
as vibrating mirrors, prisms, or polarizers, but these can
not respond to frequencies much beyond a few kilohertz, as a 
rule.

Let us immediately restrict the above by eliminating 
the Faraday rotator and mechanical methods due to their obvi
ous frequency limitations. Birefringence in crystals is the 
most popular method of modulation at present. This electro
optic effect may be expressed in the form

A 1 = rE + PE2 . (1)
—112"

where u is the refractive index, r is the linear (Pockels) 
electro-optical coefficient, P is the coefficient associated 
with the quadratic Kerr effect, and E is the applied elec
tric field. Crystals in which the Pockels effect is present 
include the popular potassium dihydrogen phosphate (KDP or 
HE2 PO4) and amonium dihydrogen phosphate (ADP). Both will 
operate at microwave frequencies; their advantages include 
low capacitance, which leads to low driving power, and small 
physical size for compact applications. Among the disadvan
tages are their expense and the necessity of precautions with 
regard to higher power damage.

Next we consider electro-acoustical methods in which 
acoustical waves are set up in certain materials. These 
waves interfere with the incident optical beam and deflect it 
Again however, since we are dealing with macroscopic motions 
of the. material, frequency response is limited compared to 
electro-optical effects, and the system is rather cumbersome.
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Finallyj.the choice for our modulator appeared to be 

either some absorption technique or the Kerr effect. Both of 
these methods are open to investigation. Absorption schemes 
can be of value at microwave frequencies, as in the case of 
applying an electric field to a semiconductor. Also, satis
factory results have been achieved by the modulation of free 
carrier absorption in semiconductors by injected carriers.

The technique finally chosen was the Kerr effect in 
liquids, an area which has received only limited application 
research due to the large power/bandwidth ratio of such modu
lators. However, as will be explained in detail, in systems 
where the power required is not critical, liquid Kerr cells 
with a high voltage modulation signal have proved quite 
satisfactory. It may be noted at this point that the Kerr 
effect can be observed in certain mixtures of crystals in 
discrete temperature ranges near their Curie point. One of 
the most successful of these is potassium tantalate niobate 
(KTN, KTa Nb g^Og). These crystal mixtures exhibit the 
Kerr effect at room temperature and have proved quite useful. 
However, as stated previously, our choice from the above 
methods is the Kerr effect in liquids which we will now con
sider in detail.

The Kerr Effect in Liquids 
To fully understand the principles involved in the 

Kerr effect modulator we shall consider analyses on first



a macroscopic and then a microscopic basis. Although such 
an extensive investigation is not necessary for implementa
tion of a functioning laser modulation system, it may enable 
us to optimize the system performance by modifying the experi
mental parameters associated with the Kerr cell.

The Kerr effect is based on the well-known result 
that the application of an electric field to any liquid and 
solid dielectrics produces a variation between two indices 
of refraction of the liquid, one index in a direction paral
lel to the field and one perpendicular to the field. Empir
ical evidence (Kingsbury, 1930, pp. 22-32) allows us to 
write an expression for this phenomenon as

nI I - nj_ = J X E2 (2) .
where n, | and nj_ are the indices of refraction for light, 
polarized parallel and perpendicular to the applied field, 
respectively. J is a constant called the Kerr constant,A 
is the wavelength of the incident light, and E is the 
applied electric field intensity. Equation #2 may be writ
ten in a more instructive form by recalling that the optical 
path is defined as

optical path = In  ̂ (3)
where 1 is the physical length of the medium. If we wish 
to find the optical path difference between the perpendi
cular and parallel components, we then obtain

A =  1 Cn, j - n^) = J A E21 - (j )
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Here d is the Kerr cell plate,separation and V is the poten-
tial difference between the plates. In applying this expres
sion, V is in esu (1 esu = 300 volts), A  , d, and 1 are in 
centimeters. We may also express Equation #4 in terms of 
the phase difference in radians as

& = ^ = 2TT,JlV (5)A ° d2
It should be noted that J is a constant whose value not only 
varies with the medium but also decreases as the optical 
wavelength increases. For example, nitrobenzene has a value 
for J of 955xl0“7 at 5800A and 350xl0™7 at 6800A. Some 
other typical Kerr constants are given in Table I.

In the above empirical formulas we have not consid
ered the physical origin of the difference in n, , and n .
It is accepted that the Kerr effect arises from induced 
polarization of the dielectric molecules resulting from the 
applied electric field. This polarization may occur from 
rotation of polar molecules, or induced atomic and electronic 
displacements. Generally those substances, with higher Kerr 
constants also possess molecules with large permanent dipole 
moments. These topics will be expanded in Appendix A where 
the time dependence of induced polarization is discussed.

Next we would like to consider in detail how the 
phase shift between parallel and perpendicular components 
of light can produce a fluctuation in optical intensity.
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OTable I. Typical. Kerr Constants at Approximately 7200A*

Substance J

Benzene 0.6 X 10"7
Carbon Disulfide 3.21 X IQ"7
Water . . 4.70 X 10"7
Bromobenzene 19.1 X 10"7
Nitr.otoluene 123 X 10'7
Nitrobenzene 220 X 10"7 *

*Adapted from Jenkins and White (1957, p. 605).
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Consider in this regard Figure #1. In Figure #1. an electric 
field E is applied across plates P and p' .. The incident 
plane polarized light is traveling in the 2 direction into 
the paper and its plane of polarization is along L at an 
angle i to the field E. N and N ? are in the direction of 
the crossed polarizer which is located on the end of the 
cell opposite the light entrance. We note from Figure #1 
that i is taken as positive, and 0 is negative. Considering 
L to be the polarized light vector we may write

L = a sin wt (6)
Now the component of L in the X and Y directions without an 
applied E field are

X = L cos 9 = a cos 0 sin wt
(7)Y = L sin 9 = a sin 9 sin wt

Next we apply our electric field vector giving rise to a 
phase difference b between the two components where we let 
i  = b i  - <S 2 and Equation 7 becomes

X =- a cos 9 sin (wt + <5 t )
' (8)Y . = a cos 9 sin (wt + A g)

We wish to eliminate t from the above two equations, 
thus finding the path of the resultant motion. First let 
aq = a cos 9 and ag - a sin 9, then

X = a-i sin (wt + S -i)
■ : (9)

Y = a2 sin (wt + <$ 2)
• or : ' ; 7 . '
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X = sin wt cos <5 -i + cos wt sin <5

aT" 1 (10)
Y _ sin wt cos £ ? + cos wt sin & o &2~~ " (11)

Multiplying Equation 10 by (- sin^) and Equation 11 by 
(- sin &^) and subtracting the first from the second gives

X sin <5 - X sin $ = sin wt (cos 5 -.sin S n-cos 5 nsin )2 ^2 1 -L (12)

Similarly, multiplying Equation 10 by (cosS2) and Equation 11 
by (cos £i) and subtracting the second from the first gives,

X cos o- Y cos <5 n = cos wt(cos 5 n sin S .-cos sin )
2 ^  1 1 2  (13)

Now eliminating t from Equations 12 and 13 by squaring and 
adding, replacing 5^- £ 2 by j , and a, and a2 by (a cos 9) 
and (a sin 9) respectively gives

X2 _ 2XY cos I + Y2 = a2 sin2 J . (14)
cos2 e cos9 sin9 gin2Q

For purposes of convenience it is often advisable 
to put Equation 14 into polar coordinates. We let /? be the 
component of the optical polarization vector in the XY plane 
after emerging from the cell at an angle (9 + 1) to the 
X axis. Then,

X = /? cos (9 + i)
(15)

Y = /> sin (9 + i)



As a result, Equation 14 becomes
13

p p k 2 A 2 2 _ a sin 2 cos 2 sin 21 _________  (16)f sin Q + sin 21 sin 2(9 + 1) sin/ S
2

For the usual case we set i = 45° = ., and Equation 16
becomes, after some algebra.

2 q2 ( A )

/  “ = - ^ -------------  (17)
1 - (1 - tan2 _j_) cos2 ©

2

Because the light emerges elliptically polarized, we 
may find the semi-axes of the ellipse quite simply from 
Equation 17 as follows:

A = a cos .A_ for 0 = 0 i = 45°
2 (18)

B = a sin j for 0 = 77

It may be noted that B is the component of light that passes 
through the analyzer at the opposite end of the cell. The 
intensity of the emergent light is proportional to the 
square of the electric field vector, so we may write said 
intensity as

? 2 t (19)I = a sin o



where constants have been absorbed into the coefficient a .
Looking again at Equation 18 we see that for i =— s

c s 2cos_i_ = sin ° and A = B or we have circular polarization.2 2
For -Y ̂  &<'(? the polarization is again an ellipse but with
B > As and for h =17 , A = 0 and B = a which shows that the
plane of polarization has been rotated 90° 9 producing a
maximum intensity output. .

Recall that in the above we have assumed 1 = 45°
which clearly gives the maximum rotation of polarization.
We may also do a similar analysis for values of i different 

TTthan—^ . Howevers this is not at present of direct impor
tance, and the curious reader may check Kingsbury (1930,
pp. 25-27) for this analysis. Finally, note that Equation 5
may be substituted into Equation 19 to yield the useful 
equation

I = a2 sin2 7/J1V2
(20)

where we see that for small values o f $ the intensity is pro
portional to the fourth power of the applied field; so for 
modulation purposes, care must be taken to remain in the 
linear region of the curve. To do this it is necessary to 
apply a bias voltage to the cell or to use a quarter wave 
plate, which has an effect, equivalent to electrical bias.
The linearity of the intensity at higher voltages is shown 
by Figure 3 for bromobenzene; this will be explained in more
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detail later. For now, consider the case where a d.c. bias 
voltage and a sinusolidal modulating voltage Vms
given by

vm = Vq slri wm t (2D
is applied to the cell. We wish to find the output inten
sity for this simple case. First, the total applied voltage
is written as

v = Vd ,c . + Ym
and

v2= v2d,c. + v2m +. 2Vd.C . Vm (22)

Since V. _ »  V„ we have,CL © C ©

V2 = V 2d.c. + 2v d.= . vm

* V2d-C- + 2Vd .c. V0 sin wmt (23)

And we may write

I out. = a2 sin2 >7-Jl(V d.c. + 2Vd . c . Vo sln Wmt) (24)
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As a result we see that the phase retardation Is linearly 
proportional to the modulating voltage.

Imp1ementation 
Now that we have a reasonable understanding of the 

macroscopic Kerr effects it is of interest to discuss some 
experimental aspects of the effect. Since the purpose of 
this thesis is to modulate a beam of laser light, it was 
desirable to design a Kerr cell with minimum capacitance, 
maximum voltage response, limited thermal and optical losses, 
and low.noise distortion. As is discussed in Appendix A, 
the length of the cell.and its capacitance place severe 
limits on frequency response. Also, the voltage required 
for a given response is proportional to the Kerr constant 
and cell length. Finally, the liquid chosen must be of low 
conductivity to prevent heating effects and reduce the for
mation of bubbles, both of which tend to alter the polari
zation of the incident laser light in a detrimental manner.

The design of the cells used is illustrated in 
Figure #2. Quartz windows were used in the event that ultra
violet or infrared frequencies might be employed eventually. 
To begin with, however, the best light source available 
was a Spectra Physics 122 A He-Ne laser with a polarized out-

Oput yielding over 3.0 milliwatts in the TEMq0 mode at 6328A. 
The cells were made of lengths 15, 30, and 45 cm,., to permit 
experimental flexibility. The tube itself was constructed
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of square 9mm pyrex tubing, into which were inserted 
copper or brass electrodes on opposite sides of the tube.
Wire terminals were then soldered to the electrodes. After 
some experimentation it was found that silicone rubber 
sealant for the quartz windows and electrodes was best, . 
since it proved impervious to most liquids and could be 
removed in the event the cells required disassembly.

With the.Kerr cells described above it was possible 
to directly verify the given theory, using several liquid 
dielectrics. The substance that proved most suitable for 
use as a modulator in our system was bromobenzene, primarily 
because of its high resistance, low capacitance (60 pf 
measured for 45 cm cell), and excellent stability properties. 
Bromobenzene however has a relatively low Kerr constant, 
and the 30 cm cell requires nearly 18 kv to yield a 90° 
rotation. Figure #3 gives a plot of the light transmission 
T through the analyzer as a function of voltage applied to . 
the cell. Maximum transmission occurred at 18 kv and T is 
given theoretically by the equation

T = sin^

where a^ is taken as 1. The discrepancy between the 
theoretical curve and the experimental can be attributed 
partly to residual transmission at zero voltage, and experi
mental error. However, more exacting experiments, as in

J7
2 h y

(25)
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Kingsbury(1930s pp. 30-31) for nitrobenzene, indicate some 
unaccountable discrepancies at lower voltages.

At this point it should be noted that at first the 
nitrobenzene, rather than bromobenzene, was thought to be 
most suitable as a modulator. However, it was found experi
mentally that application of voltages on the order of those 
required for optimum transmission results in apparent insta
bility in the liquid, arising from heating effects. These 
instabilities result in alteration of laser polarization, as 
well as extreme divergence of the beam in passing through 
the nitrobenzene. These detrimental effects were observed 
primarily when the duty cycle of the liquid was made to 
exceed 10%, as was required for the pulsed modulation sys
tems soon to be discussed. For the above reason, bromo
benzene was chosen as far superior in performance.

Obviously, an interesting experimental study would 
be to find a more ideal liquid, preferably one with low con
ductivity and a high Kerr constant. However, due to time 
limitations, such a study was not undertaken here. It is 
possible that a solution of benzene and high molecular 
weight polyvinyl acetate may provide an excellent dielectric. 
Of even greater interest, as will be explained subsequently, 
is a liquid with a high Kerr constant and high frequency 
response arising from electronic rather than polar orienta
tions. An investigation to find such a liquid has recently
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been undertaken by Bell Telephone Laboratories (Dugway and 
Hansen, 1969, p. 194) ; they utilized a laser picosecond 
pulse method designed to measure Kerr effect response times 
of various liquids.

1
A complete discussion of the parameters which limit 

Kerr cell performance is given in Appendix A. Although the 
capacitance, transit time, and polarization limits consid
ered therein are not of direct value for the present system, 
they provide the interested reader with a knowledge of 
fundamental limiting parameters necessary for design of 
future systems.



CHAPTER 3

THE GENERAL SYSTEM 
■ *In this chapter we wish to consider the system as a 

whole and to familiarize ourselves with the modes of. infor
mation transmitted and the general electronic arrangement in 
block diagram form. Also, in conjunction with this chapter, 
the interested reader may refer to Appendix B which deals 
with some aspects of communication theory relating directly 
to the system.

' Information Modes 
As previously mentioned, the modes of transmission 

involve both slow-sCan television and audio information.
Both modes are transmitted "simultaneously" by pulse posi
tion modulation, using a time multiplexing technique. In 
this way it is possible to transmit a picture and, say, audio 
information explaining the picture. A system of this type 
could have many applications such as limited bandwidth tele
phone picture systems, private communication links for rapid 
transmission of medical information, etc. Now, consider the 
nature of SSTV. The picture can originate using a typical 
fast-scan television camera, with an amplitude varying video 
information output. In this system the signal is fed into a

22 .



23
’’slow-scan sampling converter." This device samples the . 
amplitude varying signal and converts the result to fre
quency modulated information; the wave output is illustrated 
in Figure #4.

We note that the information carrying part of the 
signal is the variable frequency ranging between 1500 and 
2300 Hz. Alsos occurring every 66.67 m.s„ is a 5 m.s.9 
1200 Hz. horizontal synchronizing pulse. Thus, "one line" 
of slow-scan information is of 66.67 m.s. duration. Next, 
because 120 to 128 lines are required for a complete frame, 
a vertical synchronizing pulse (consisting of a 1200 Hz . 
signal of from 35 to 65 m.s. duration) occurs every 8 to 
8.5 seconds. Thus, in the system used here, a period 
approximately eight seconds is required for each picture 
transmitted, and all images must be nearly stationary for 
this period of time.

Generally, a slow-scan television is defined as a 
video system in which one second or more is required for a 
single frame of information. This may be compared to a 
standard television signal in which 30 frames per second are 
used. Such a rapidly changing picture requires typically 
4 megahertz of bandwidth as compared to approximately 1/1000 
of this amount for SSTV. This implies several advantages of 
SSTV over fast scan, and these are given in Table II.

Thus' far the use of SSTV has been considered in con
nection with the present laser communication system. However,
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Table'll.' Advantages and Disadvantages of SSTV*

Advantages

1. Low-cost transmission of narrow band video 
signal.

2. Utilization of existing communication facili
ties such as telephone linesj; PM subcarrier, 
private microwave, low-power radio transmitters.

3.. Video recording on one-quarter inch tape.
4. Inherent image storage capacity.
5. Convenient computer interfacing.
6. Low-cost color camera.
7. Highly flexible" input-output format as com

pared to facsimile or computer terminals.

Disadvantages

1. Still image transmission only.
2. Picture access time may range from three seconds 

to six minutes depending on communications 
facilities and picture resolution requirementsi

$ Adapted from Southworth (1970).
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it should be pointed out that SSTV has in recent years 
acquired many more common applications. Transmission can be 
achieved using PM broadcast subcarrier channels, and private 
microwave links. Also,'existing telephone lines may be used. 
At the receiver, several methods have been devised for dis
playing the information. Generally the signal is exhibited 
on a CRT with each new image "wiping off” the old from top 
to bottom, or a blank screen may first appear and the picture 
is formulated from left to right. Methods have also been 
devised for transmission and reception of color images. . 
Clearly, the uses of SSTV are extensive in education, medical 
and other areas. Further suggestions for its use, as well as 
companies currently involved in SSTV equipment production 
are given by Southworth (1970).

System Operation 
Now, consider the pulse-position modulation electron

ics itself. The reader will recall that in pulse-position 
modulation a reference, or synchronizing pulse, periodically 
spaced in time, is used to determine the location of infor
mation carrying, pulses. In the present system, since we must 
transmit both audio and video simultaneously, we have two 
information carrying pulses. To change the analog signals 
into digital form, it is necessary to sample them periodi
cally. It was decided that a sampling rate of 10^ Hz was 
suitable for both audio and video, since this would permit
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signals of frequency up to 2500 Hz to be sampled four times 
during one cycle. Using such a sampling rate it would be 
possible to reproduce intelligible audios though not of high 
fidelity. For the video, only about 1000 Hz was really 
required, as explained in Appendix B, so plenty of margin was 
allowed in this case.

Transmitter Block Diagram
Figures #5 and #8 show a block diagram of the trans

mitter and receiver, and Figures #6 and #9 show diagrammati- 
cally the approximate wave shapes produced at the indicated 
points on the block diagram. Let us consider each stage in 
order, beginning with the transmitter. The signal from the 
converter, that was described above, is sent to the frequency 
discriminator, which changes the frequency varying signal to 
an amplitude varying waveform that is band-limited to the 
region 0 to 1000 Hz .

First we convert this signal into a pulse of chang
ing width, having the trailing edge fixed. This is done b y » 
comparing the amplitude varying signal with a ramp function, 
as indicated at point 3 of Figure #6. The ramp function is 
generated from three circuit stages as illustrated. The 
sawtooth generator produces a linear function of 100 ju. sec 
duration. By comparing this with a reference voltage, we 
see that at point 2 a series of pulses of 50 p. sec width and 
50 ju sec spacing is produced. Upon integrating the pulses.
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we have the desired ramp function to insert at point 3.
Thus 9 as show'n in step 4, a series of pulses of varying 
width, having fixed trailing edges spaced 100 ju sec apart, 
is produced. Next, as point 5 indicates, a monostable 
multivibrator is triggered by the leading edge of the pulses 
at step 4 to produce 10 ju sec pulses with position varying 
relative to the fixed trailing edges of the pulses at 
point 2.

The remaining tasks are then to generate audio 
pulses (to be spaced in time between the video pulses) and 
also to insert reference (or synchronizing) pulses in the 
final, signal. The audio pulses are generated much in the 
same way as for the video. First, a 40 ju sec monostable 
multivibrator is triggered by the fixed trailing edge of the 
video pulses, as indicated at point 6. These are then inte
grated and sent-to a comparator. The sampler consists of a 
gated amplifier which is opened by the 40 ju. sec pulses as 
shown. Thus at point 7 we have a series of pulses of vary
ing width, having fixed trailing edges and located in time 
between the video pulses. Again, a monostable multivibrator 
triggered for 10 p. sec by the leading edge of the pulses . 
at point 7 produces, the desired waveform at point 8.

Finally, we need merely to insert synchronizing pul
ses of 5 ju. sec duration every 100 p. sec. This is done by 
using first the 5 ju sec mono H, triggered by the trailing 
edge of the pulses at point 6, and then another 5 p  sec
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mono I, triggered by the trailing edge of the first. The 
signals at points 5, 8, and 9 are then fed into a summing 
amplifier to produce an output which can then be amplified 
and sent to the Kerr cell.

Figure #7 shows an actual photograph of the pulse 
output of the transmitter summing amplifier. It may be noted 
that the pulses are about 20 volts in amplitude and have
rise and fall times of 0.3 >  sec. Indicated in the figure
are the video, audio, and synchronizing pulses as well as 
their approximate ideal range of travel.

Receiver Block Diagram .
The receiver must take the transmitter signal and

separate the audio and video, pulses. Then these pulses must
> ' be converted back to the original frequency varying video

signal and amplitude varying audio— to be fed into the slow-
scan monitor and audio amplifier respectively. At point 11
of Figure #9 the synchronizing pulses are all that appear
after being separated in the pulse width discriminator. Note
that these pulses are actually only of 3 ju sec duration and
are displaced to the right of the original synchronizing
pulses. This is a result of discriminator function as will
be explained in the next chapter. The synchronizing pulses
at point 11 and the complete transmitter signal are then
mixed to yield the waveform at point 12. As indicated in the
block diagram two.monostable multivibrators, controlled by
the synchronizing pulses alone, are used to open and close
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the gated amplifiers labeled Q and R. ' As a results the 
video signal is passed by amplifier Q, as indicated at point 
13s and the audio signal is passed by amplifier R— shown 
by point 14.

Now that the audio and.video components are separated 
they may be converted back to analog form. First, consider 
the video signal, which consists of a video pulse arid a 
synchronizing pulse. The triggered flip flop, S, is con
trolled by these incoming pulses and is triggerable such 
that the waveform at point 15 is produced. Then these pulses 
of varying width are integrated to produce a series of tri
angular pulses that vary in amplitude. By means of a filter 
designed to pass only 0 to 1000 H2, the triangular waveform,

2 i 'which has peaks occurring at a frequency of 10 Hz, or 100 p. 

sec apart, are filtered out, yielding a smooth band-limited, 
amplitude varying signal. This signal regulates a voltage- 
controlled multivibrator, to produce a signal of the form 
originally illustrated in Figure #4; this can then be applied 
to the SSTV monitor.

Finally, the, audio pulses at point (14) are sent 
through, a similar series of circuits to yield an amplitude 
varying output signal that may be externally amplified. The 
filter used for the audio covers a range of about 0 to 
1500 Hz, as will be considered in more detail in Chapter 4.
In this manner the original signals fed into the transmitter 
are reproduced.
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CHAPTER 4

THE CIRCUITRY

Figures #10s 11, 12 and 16 show complete schematics 
of the frequency discriminator, transmitter, driver, and 
receiver, respectively. Generally, each section of the fore 
going block diagrams has been replaced by an integrated 
circuit, or combination of such circuits. Thus, we shall 
consider each figure in order, starting with the discrimina
tor, and explain briefly the operation of each circuit ele
ment. While studying this chapter, the interested reader 
may wish to refer to Appendix C where schematic diagrams for 
the internal circuitry of the IC’s are given.

The Frequency Discriminator 
The design of this circuit is essentially equivalent 

to that used in the Robot Model 70 slow-scan monitor (Robot 
Research Staff, 1970). The input signal from the television 
camera or video tape recording goes into a combination 
limiter-amplifier, using an MC1709CP integrated operational 
amplifier. This I.C. removes amplitude variations on the 
incoming signal over a 50 db range, producing a clipped . 
square wave output containing only FM information.

: 36.
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Next the signal goes into an FM discriminator having 

two "tuned circuits” (active RC filters using 1709 op .amps 
with appropriate external RC components) and giving an out
put possessing an S-shaped curve of frequency vs. amplitude, 
with peaks at approximately 2500HZ and 1000 Hz; in this Way 
the FM signal is converted to a 0 to 1000 Ez AM signal. To 
fully suppress ripple, the signal is then sent into a full 
wave rectifier followed by a three-pole Butterworth filter, 
again using MCI?09CP operational amplifiers. By converting 
the signal from FM to AM we have greatly simplified.the 
process necessary to change from analog to digital waveforms.

The Transmitter 
The next problem is to convert our 0 to 1000 Hz AM 

signal from the discriminator, into digital form, then to 
combine this waveform in a. time multiplexing arrangement 
with a separate audio signal. After so doing the waveform . 
can be applied to the driver; this sub-system amplifies the 
pulses for application to the Kerr cell. As explained in 
Chapter 3S we produce a 100 ju sec sawtooth as an initial 
step. This is generated in a unique fashion by the use of 
two diodes as described by Bliss and Binder (1969). The 
. 01-juf.' capacitor is charged at a constant rate through the 
MCL1301 field effect, current limmiting diode, until the
voltage across the capacitor reaches the breakdown voltage 

of the IN5l60 four-layer diode. This diode then
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discharges the capacitor3 and the cycle repeats itself. The 
fundamental design equation for the sawtooth generator is

T = C Vbr 
Ip

where
T = Period of one cycle (p. sec)
Ip® Pinch off current of the field effect 

diode (amps) •
C = Timing capacitance (>if)

Vbr = Breakover voltage of four-layer diode (volts)

Next, a dual operational amplifier, labeled A in 
Figure #5 and #11, has been used for the two comparators.
The MC1437 is equivalent to the MC1709CP operational ampli
fier except 2 OA’s are in each package. When an op amp is 
used as a comparator, a reference voltage is applied to the 
non-inverting input, and the signal is applied to the invert 
ing input. The OA is run open loop, with no negative feed
back to reduce gain. When the inverting input is negative 
with respect to the reference voltage at the other input by 
even a few millivolts the output will be at the maximum posi 
tive voltage for the OA.„ Similarly, if the inverting input 
is positive by a few millivolts with respect to the compari
son voltage, the output will reach the maximum negative 
voltage of the OA (Malmstadt and Enke, 1969, pp. 305-308).
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Following the first comparator} A, after the saw

tooth generator, is placed another 1709CP op amp, this time 
being used for integration. The circuit shown in figure #11 
gives excellent linearity. The 233 pf capacitor can be 
adjusted to give suitable amplitude to the integrated func
tion. Also, the use of the 2200 ohm resistor and 200 ohm 
resistor on the positive and negative voltage terminals 
respectively were required to bias the level of the inte
grated waveform, providing correct amplitude levels for the 
second half of the MC1437 OA comparator.

Next, consider the SN74121, or equivalent MC74121 
monostable multivibrator. All the monostables used were of 
this type, as their behavior is such that they can be trig
gered for an externally adjustable time period by either 
the leading or trailing edge of an incoming pulse. The 
timing is controlled by the adjustment of either the capaci
tor between pins 10 and 11 or by the potentiometer between 
pins 11 and 14. The trailing edge triggering, such as in 
monostable C, is obtained by leaving pins 4 and 5 open and 
applying the input pulse to pin 3'. For leading edge trig
gering, such as in monostable D, pins 3 or 4 or both, are 
grounded, and a positive signal is applied to pin 5.

The other section of interest in the transmitter is 
that involving sampling of the audio signal. This is done 
by means of circuit G, an MC1545G gated video amplifier 
(Reinert and Renschler, 1969). Essentially, by applying a
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40 jjl sec pulse to the gate at pin 1 from monostable C, the 
video amp will allow the audio signal to pass.only while 
the gate is positive. Thus, the output from the sampler 
will consist of the 40 jj. sec. pulses of varying amplitude, 
as was indicated in the pulse diagram of Figure #6. Because 
the MC1545G has relatively low gain, a pulse amplifier Fg, 
consisting of 1/2 section of an MC1437 OA, was used prior to 
the signal being compared with an integrated pulse from 
circuit E.

The other circuits are fundamentally the same as 
those described. above, and the functions are self-explanatory 
from the given diagrams. It might be mentioned that the sum
ming amplifier consists of an MC1709CP that is operated open 
loop. This permits deterioration of the pulses at the input 
to be corrected, and all output pulses are of equal amplitude 
and have excellent rise and fall times— -on the order of 
0.3 sec. Also, the diodes have been placed at the output to 
suppress any extraneous high voltage spikes, arising acciden
tally in the driver, from being fed backwards into the output.

' The Driver
This section of the transmitting system involves a 

three-stage pulse amplifier, requiring an input drive of 
5 volt positive pulses and yielding an output of 1400 volt 
negative pulses with approximately.one microsecond rise and 
fall times. The system diagram is shown in Figure #12 and 
the power supply designed specifically for the driver is
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shown in Figure #13. At the input of the driver itself is a 
12AT7 triode which inverts and amplifies the. pulses to about 
100 volts magnitude. The inverted pulses are sent to the 
6BQ6 GT pentode that again inverts and amplifies the signal 
to the 600 volt level. Finally9 the Eimac 4PR125A is used 
to increase the voltage to its final value of 1400 v ., 
which is sufficient to modulate the Kerr cell.

The power supply of Figure #13 delivers voltages of 
250w., 300 v., and 800 v. These supply the 12AT7 plate, 
the 4PR125A bias and screen voltages, and the 6BQ6 GT plate 
voltage as indicated in the driver schematic. The 3kv sup
ply is separate, but may be plugged into the back of the 
above supply, enabling all high voltage to be controlled by 
switch Sg. Note also that a 6.3 volt filament transformer 
with a 110 volt primary that is attached to the driver chasis 
may be plugged into the supply of Figure #13 and controlled 
by switch 8%. The supply is designed such that the filament 
switch Si must be turned on before the high voltage switch 
Sg; this prevents damage to the thoriated tungsten filament 
of the 4PR125A. The 250 v. and 800 v. sections of the supply 
were modeled after that described in The Radio Amateur *s 
Handbook (1972, pp. 123-4), with some modifications.

The Receiver
Finally, with regard to electronics, it is necessary 

to consider the receiver circuitry. Integrated circuits Li 
and Lg consisting of an MC1545G pulse amplifier and an
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MC1709CP op amp serve as AC coupled amplifiers to increase, 
the signal from the light detector. The two 6 P-f electro
lytic s on pins 7 and 8 of Lj are necessary to reduce noise. 
On pin 5 of the MC1709CP the .33 p-f capacitor and the 68k 
resistor provide a lower cutoff frequency of about eight Hz. 
Lg is operated open loop to provide constant amplitude 
pulses at the output despite a wide range of variation in 
the light detector output.

Next, the function of pulse width discrimination is 
performed by circuits and M2. is simply a monostable
multivibrator of the type used in the transmitter. However, 
the output is taken from the inverting terminal, pin 1.
This output, along with a signal coming directly from the 
amplifier, is sent to the MC7402 nor gate. The operation of 
the gate is shown in Figure #14. The MC7402 will give an 
output only when the inputs at pins 2 and 3 are both at zero 
logic level. Clearly, this occurs only when the 5 M sec 
synchronizing pulses are present, and the output will con
sist of three ju sec pulses. In this way both the audio and 
video pulses are rejected. ,

The separated synchronizing pulses and the signal 
from amplifier Lg are combined by circuit N, an MC1709CP 
operated without feedback. As in the transmitter the
2.0 Meg. resistors at pin 5 and the 110 k resistor to ground 
serve to reduce amplifier input voltage and permit stable 
operation in the open loop mode. The .1 _pf capacitor
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on pin 11 of circuit N was added to short any AC noise pres
ent at this pin to ground.

We recall from Chapter 3 that it was necessary to 
separate the video pulses from the audio and, in the process 
of separation, to insure that a synchronizing pulse also 
appears with both the video and audio pulses after separation. 
This is done by again using MC74121 monostable multivibrators 
to control the gate terminals of the MC1545G gated video 
amplifiers. The 2.5k potentiometer going to pin 4 of cir
cuit Q and the lOOOJi pot going to pin 4 of circuit R serve 
to adjust the input signal level; this permits only the 
video or audio signals and their corresponding synchronizing 
pulses to pass, without allowing any of the gating pulses 
from monostables 0 and P to reach the outputs at pin 6. It 
will be noted that pin 4 of Q and pin 4 of R are biased 
through 1 0 0 0 resistors from the positive voltage inputs.
This again assures that only the desired signal pass through
the amplifiers. As before, 6 p.f capacitors are used on the 
voltage input terminals of the M1545G’s to reduce noise.

Now, as we will recall from the block diagram of . 
Figure #8,. both the video and audio pulses and their associ
ated sychronizing pulses go through a separate chain of 
circuits including a triggered flip-flop, an integrator, and 
a filter. Consider first the video chain. The MC850P, 
circuit S, is connected to trigger as indicated by the pulse
diagram of Figure #9; namely the circuit reaches a one logic



level at the trailing edge.of a synchronizing pulse and is 
returned to zero logic by the trailing edge of the video 
pulse. A signal is applied to pin 13, the direct set inputs 
from the output of monostable 0; this insures that the binary 
will trigger between those synchronizing and video pulses 
with maximum spacing. If this were not the case, the signal 
received would appear inverted at the filter output. In 
other words, an increased amplitude at the transmitter fre
quency discriminator output must result in an increased 
Width of the 85OP pulse output.

The output of circuit S appearing at pin 3 or 4 is 
then sent to the MC1709CP integrator of circuit T. Feed
back for the op amp is obtained through the Ilk resistor and 
40 pf capacitor. The 510 pf capacitor between pins 9 and 
10, and the 1,0 megohm potentiometer, provide adjustment of 
the integrated function amplitude. The .1 ;uf capacitor 
between pins 5 and 3 was found experimentally to improve the 
fall time on the trailing edge of the integrated pulses.

After circuit T, the active filter of circuit U, 
again using an MC1709CP OA, provides low pass operation with 
cutoff at 1000 Hz. The external circuit design parameters 
were calculated using the approach described in Graeme, 
Huelsman and Tobey (1971, pp. 287-326). The capacitor and 
resistor between pins 12 and 3 were added to improve ampli
fier stability. Also resistors from the negative voltage 
source to ground and from the positive voltage source to
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pin 5 were used to provide bias of the signal output needed 
to achieve proper operation of the MC4324F astable multi
vibrator, as will be explained. The filters used are hardly 
classic in response but provide ample attention of the
10,000 Eg ripple, which, is one of the major goals, for these 
filters. The response curves for both the video and audio 
filters are shown in Figure #15.

The last circuit in the video chain is the MC4324F 
voltage controlled multivibrator. The output frequency range 
is regulated by the capacitance between pins 3 and 4. To 
obtain reasonably linear operation, the signal at pin 2 was 
biased to 3.5 volts and variation with the incoming signal 
on pin 2 was permitted over a .60 volt range. Thus, the 
input amplitude fluctuates between 3.5 and 4.1 volts. In 
this manner the output frequency is made to vary between 
about 1200 and 2300 Hz, as will be described in more detail 
in Chapter 5, when we consider overall system performance,

Finally, the audio chain of circuits labeled W, X, 
and Y perform in the same manner.as for the video section 
described above. The filter used differs in that- it provides 
a 1500 Hz cutoff; this was achieved by the change from 16k 
resistors used for circuit U. The exact effect of the varia
tion of these resistance parameters is again covered in 
Graeme, et al. (1971, pp. 287-326). The audio output is then 
taken, directly from filter and fed into an audio amplifier 
and speaker. '
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CHAPTER 5

EXPERIMENTS AND CONCLUSIONS

One of the primary concerns in testing the final 
system is that of determining the amount of distortion gen
erated internally in the entire system. Since we desire the 
most practical approach, both quantitative and qualitative 
tests have been carried out. First, the distortion present 
in the audio signal has been measured using a Hewlett 
Packard Model 332A distortion analyzer. Then the response 
of the MC4324F voltage controlled multivibrator has been 
examined by plotting input voltages vs. output frequency to 

- determine linearity. Next, from a more qualitative stand
point, the system was extensively tested by transmitting 
audio, in the form of speech, and video pictures, then mak
ing a perceptual comparison of the signal before and after 
transmission.

Let us now consider the above analyses in detail.
For the audio signal. Table III gives a list of typical 
frequencies between 0 and 1500 Hz which were fed into the 
transmitter. The distortion analyzer was placed at the 
receiver output before the external amplifier. The total 
harmonic distortion of the system under laboratory conditions 
involving transmission over a distance of 40 feet is given
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on the right side of Table III. The distortion present in 
the signal generator itself has been taken into account, so 
that the figures shown give an accurate indication of system 
performance. When speech or music is transmitted, the per
ceptible distortion is minimal, and words, as well as the 
speaker’s voice tone and inflections, are easily recognized.

For the video signal, some quantitative measure of 
performance can be made by considering the receiver output 
frequency for a given input frequency between 1200 and 
2500. Hz. Ideally, we would expect a linear relationship in 
which any given input frequency in the above range produces 
exactly the same output frequency. Figures #17 and #18 give 
two performance curves. The first graph shows input fre
quency from the MC4324F voltage controlled multivibrator at 
the receiver. Figure #18 is a plot of the input voltage at 
pin 2 of the MC4324F vs. the output frequency. In making 
measurements for these curves some difficulty was encountered 
due to jitter in the VCM occurring at nearly all frequency . 
levels. . Thus, an estimated value was used and is usually 
within a 30 Hz range is indicated by the cross markings on : 
the graphs. In the plot of Figure #17 reasonable linearity 
is evident between 1500 and 2300 Hz. This is tolerable 
since the actual video' information is within this range.
Some discrepancy exists between the input frequency and out
put frequencies, generally about 20o Hz. ‘This problem arises 
due to the necessity of maintaining the VCM input voltage



Table III. Distortion Analysis of Audio Waveforms

Frequency Distortion 
(percent of fundamental)

100 .4.2
250 3.8
500 3.3
750 4.1

1000 5.6
1250 7.4

• 1500 9.5
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within the range of 3.5 to 4.1 volts to insure linearity 
and also to limit VCM jitter which tends to increase in 
certain frequency ranges. The result of these discrepancies 
is a variation in picture tone on the monitor, but the 
resulting image still possesses reasonable fidelity.

It should be pointed out that the 1200 Hz vertical 
and horizontal synchronizing pulses from the slow-scan con
verter are simply transmitted as part of the signal, with 
their receiver output frequency appearing very nearly at 
the input value. The apparent simplicity of the pulse- 
position system can be partly attributed to the fact the 
separation of the horizontal and vertical synchronizing 
pulses from the video signal was not necessary.

Finally,consider the actual quality of the picture 
transmitted. Figure #19 gives photographs of the SSTV signal 
before and after transmission. Although the photographic 
process itself obscures some picture details, it is evident 
that only slight perceptual differences can be noted. To 
give a more convincing display of system performance, for 
both the video and audio signals, it would be of interest in 
future experiments to transmit signals over longer distances 
and to determine the influence of weather conditions, optical 
absorption of the atmosphere, scattering, etc., on the 
signal quality.



Before

After
Fig. 19. Comparison of SSTV Signals Before and

After Transmission



. Future Improvements
There are many possibilities for improvement of our 

communication system. These include modification and sophis
tication of the present pulse-position system or the design . 
and use of a different modulation technique, from both the 
standpoint of electronic circuitry and electro-optical 
innovation. First, consider improvement of the present sys
tem. It is of value to reduce both component cost and 
power consumption, if the present system were to be used for 
purposes beyond laboratory experimentation. The integrated 
circuitry could be modified by the use of dual or even quad 
operational amplifiers. Thus by including several OA’s in 
one package the size an cost could be greatly reduced. Also, 
the'same could be done with the monostable multivibrators.
In this way one could probably reduce the number of circuits 
required by a factor of 1/2. Secondly, the driver could 
probably be made to function successfully using only a 
12AT7 and 6BQ6 GT driver tubes, both of which are inexpensive 
and require minimal power to operate. However, they do not 
offer the experimental flexibility possible with the 4PR125A. 
Finally, the bias supply for the Kerr cell modulator could be 
eliminated with the use of a quarter wave plate.

At the receiver, similar modifications in IC cir
cuit reduction could be used. Also, a photodiode or photo
transistor with suitable response time can be used for the 
receiver detector in place of the expensive "lite mike”
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presently In use. In addition, of course, a solid state 
modular audio amplifier would serve to compact the apparatus.

To improve the system radically from an electronic 
standpoint a pulse code modulation technique -in which all 
information is digitally represented, surely would be supe
rior to the present system, although considerably more com
plex. In addition, the Kerr cell modulator is an area open 
to more experimentation. As previously discussed, a liquid 
is desired with a low dielectric constant and yet a high Kerr 
constant, while having a very low conductivity. Indeed, con
siderable work both experimentally and theoretically with 
cell design and liquid behavior is required here. The use 
of other optical effects for modulation are also open to 
further investigation.

Conclusions
It seems reasonable at this point to conclude that 

although the communications system designed here functions 
satisfactorily, much room remains for modification and 
improvement. The field of laser communications in general z 
is one of great interest because of bandwidth capability 
that might enable all communications modes in common use 
today, such as radio, television, and telephone to be 
relayed over one laser beam. This goal could be met when 
improved modulators.are developed. The endeavors of this 
thesis have, hopefully, explored a small but useful stage in 
the development of future communication systems.



APPENDIX A

PERFORMANCE LIMITATIONS

As mentioned in Chapter 2, the Kerr cell is subject 
to several factors which tend to limit its bandwidth. These 
include capacitative and transit time limitations, as well 
as response time of the molecular medium. Let us consider 
each of these factors in the above order and illustrate 
methods by which they may be overcome to a degree.

Capacitance Limitation
First consider the effect of cell capacitance.

Figure #20 illustrates a typical circuit used for modulation
purposes. As outlined in Yariv (1971$ pp. 239-240), Rs
represents the internal resistance of the signal source
which produces an output at angular frequency w0 , and C is
the capacitance of the Kerr cell. Now, with and Sg
open, the capacitative reactance of the cell is of course
given by 1 and it is therefore evident that for RH > ' 1 

w0C . w0Cmost of the modulation voltage drop will appear across
Rg, thereby being wasted. .

The above difficulty can be remedied by use of a 
resonant RC circuit as in Figure #20 with S]_ and 82 closed. 
We recall that the resonant frequency of such a circuit is
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Kerr Cell

Fig. 20. High Frequency Modulation Circuit
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W 1

2 7T /LC (27)

and therefore we choose L such that w = wD . Also, we recall 
that at resonance the Impedance of the RLC circuit will be 
simply Rl , which is chosen to be greater than Rg, resulting 
in a large voltage drop across the Kerr cell. The diffi
culty with all this is that the bandwidth of the system is 
then severely limited, being given by

centered on w0 . Thus, a future consideration is to devise 
a method of limiting capacitance without affecting band
width. In the present system the frequency of operation 
was sufficiently low so as not to require the above resonant 
circuit approach

transit time of light through the Kerr cell. Equation 5 
gives the phase difference as

(28)

Transit Time Limitations
The next frequency limitation is that involving

& =' 2 rr 21V2 = 2 fr J1E2 
d2

, (5)

If E changes during the time ^ - In that it takes the
^  r light to pass through the cell, we find that o must be

expressed as a function of time. Namely, as

\
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c>(t) = 2 /7-J ) E2 ( t ’) dt'
/o

= 2ff J ^  E2 (t ’) dt'
A-rd

(29)

where the light that reaches the cell output at time t 
entered at time t-Td . Since E(t) can be a complicated 
function depending on the modulation desired, some difficulty 
may arise in evaluating the above integral. However, for 
the case of sinusoidal modulation we may write

E (t'> = Em e
jwt»

(30)

Thus, Equation 29 becomes

ft
)t-rd

6 (t) = 2 ir J V  E?m e2 ' dt'

= 17 J E.m 1 - e"
jw

2 jwt (31)

which may be written as

J(t) - s. 1 - e -2jwTd 2 jwt
jwrd (32)
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where £ o = 77'JE^mT^ and the factor in brackets is seen to 
produce a decrease in the phase difference.

The transit time limitation may3 however, be over
come by the use of a traveling wave system in which the 
modulation signal passes through the cell, entering where 
the light does, and being terminated at the other end of 
the cell. Thus, if the modulation and optical phase veloci
ties are equal, the optical wavefront will "see" the same 
instantaneous electric field as it propagates through the 
cell that it did at the cell entrance, eliminating the 
transit time problem. For a more comprehensive discussion 
of this matter, see Yariv (19713 pp. 240-242).

Field Limitations
Our next limitation on Kerr cell function is not one 

which affects frequency response but is nonetheless of 
practical importance. This is simply that the plate separ
ation of the cell as well as the purity of the liquid must 
remain within limits that prevent the cell from breaking 
down upon application of a field required for 90° rotation 
of the polarization. These parameters may be determined 
experimentally. For the present investigation using bromo- 
benzene the 1 cm plate separation was found to be suffi
cient to prevent breakdown at l8kv as required. However, 
care must be taken to keep the liquid free of bubbles and 
foreign particles.
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Time Dependence of Molecular Polarization

Next we would like to consider analytically finding 
the polarization of a liquid as a function of time. Assum
ing the capacitance and time dependence limitations can be 
overcome, we still have to consider the ability of the 
molecules themselves to rotate or in some way become polar
ized as. a result of the applied electric field. This 
polarization is in fact the property which causes, nj [ and 
nj_ to differ, resulting in the Kerr effect.

To obtain our final result, we want to take into 
account the electrostatic interaction of the molecules.
As it turns out, a universally valid expression of this type 
has never, to our knowledge, been obtained; however equa
tions which have been shown to be reasonably in agreement 
with experiment for many liquids can be found, and herein 
we shall attempt to derive the most successful of these 
to date.

First we consider the case where electrostatic 
interaction is neglected and then extend the expression 
obtained to include interactions <, That is, the molecular 
motion of the dielectric molecules is subject to the con
dition that long range electrostatic interactions between 
dipoles or other polarizable elements are negligible.' Con- 
sider a dielectric medium with polarization P, applied 
field E, and displacement vector D. We have,
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X

D = <f0 E + p (33)
and

D = eE (34)
for a medium in which P.is parallel to E, i.e., an isotropic 
medium. Combining Equations 33 and 34 gives,

(6 - eo ) E = Ps (35)

where Ps refers to the static value of the polarization. 
Therefore,

fo£s - £o = ?s (36),̂E
or •

(6 s -1) = Ps 
eoE

where £s is the static dielectric constant. Now assume E
changes with time, then P at a given time t will differ from
Pg . We may therefore write a differential equation for 
P. (t ) where we consider the rate of approach of P(t) to its 
equilibrium value Ps to be proportional to the distance of 
P(t) from equilibrium. Thus,

V  d P(t) = P„ - P(t ) 
T dt 3

where r is a constant.



Next we may rewrite Equation 36 in the following
form

£ s ~ 1 = 1 (Pns + Peo) (38)
foE

where refers to dipolar polarization due to permanent
molecular dipole rotation, and P represents the polarization 
which arises due to atomic and electronic polarizability.
We assume P«> responds instantaneously to a changing E 
field. Thus we can also define an optical or electronic 
dielectric constant, 6 ^  , by

*Zo — 1 = P & n^ — "| (39)
<f0E

where n is the refractive index in the far infrared, say 
/\= 1 mm, at frequencies too high for dipoles to follow,
i.e., in excess of lO^Hz. The atomic polarization (oscil
lation of atoms about the center of molecular mass) will_ 
follow about 10^2 to 10"*"̂  Hz in the microwave region, and 
electronic polarization will occur in the visible 10^^ Hz 
region.

Now, since P^ responds instantaneously, PD (t) will 
respdnd according to Equation 37 which gives
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where the right hand side refers to the value obtained by 

if an instantaneous value of E is applied for an infin
itely long time. Next using equations 38 and 39s

(£ _ 1) = Pps + p <*> = PDS + ^o E C -1 )
E :.£n E E <r0 E

or

DS

Thus equation 40 becomes

r d PD (t)+ PD (t) = (£„ - £ * , ) £ „  E (t)
dt

and we may take E (t) = E^e wt

(41)

for a sinusoidal applied 
field. The solution to Equation 4l may then be expressed 
(Daniels 1967, p. 16) as.

D (t) = K e 7"' + £  &S — £oo E e^w^
° 1 + jwf °

(42)

where K is a constant corresponding to some initial polari-t
zation. The term Ke“ r will rapidly decay to a negligible 
value. Therefore we shall neglect this fifst term and write 
a final equation for P^otal absence of electrostatic
interaction as.

total(t) = P^ + PD (t) = £_ (̂CK) — 1 ) + "̂S ~ £■ oO
1 + jwT

ELe^^t (43)
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where we may apply the following relation:

£(w) -£oo (44)
i + jwr

Equation 44 Is often referred to as a Debye Equation.
Next we wish to consider electrostatic Interaction

and if possible modify the dynamic polarization equation 
just derived to account for this effect. This amounts to 
replacing the factor T by a new factor bT where b is a con
stant to .be obtained theoretically. Also s to obtain a micro
scopic understanding of the interaction and molecular 
properties responsible for the static dielectric coefficient, 
£s - £<*>, in Equation 43, we wish to obtain an expression for
this factor in terms of dipole moments, temperature, and
molecular density.

Thus we proceed to derive the Onsager Equation for 
the static case. It may be noted that the Clausius- 
Mossotti Equation was the first to be derived for <?g in terms 
of u, but it had some major inadequacies that arose from the 
fact that the internal field used in the calculation was 
invalid, having been derived on the basis of a large hypo- 
thetical cavity within the medium at whose center is located 
the molecule. This is known as the Lorentz form of the 
local field and is given by (Corson and Lorrain, 1962,.
pp. 93.-99) 9

E<_ = (fs +2) E = E + P (45)
1,0 —  . t v



Me note that E. increases without limit as £ increases, im s
Nows using Equation 36 we may write,

P = sp = «. s Elm = (fg -1) <50E (46)

where ^ is the polarizability, s is the molecular density, 
and p is the induced dipole moment per molecule. Also, 
Equation 45 may be rewritten as,

E1tti = E + (£* s -1 ) = E + s ̂  E^m 
3 3fo

or

yy, (l— . s oc ) = .  E = P (1— s°^) (47)

which implies that
^ -x. . * ■
P = s.«-E. .I s <*• . . P ——> <x> as s oc   p. 1

'  3£0 3 £ 0 .

This predicts "ferro-electric" behavior in liquids such as 
water which is not the case. "Ferro-electric" behavior 
refers to intense alignment of all dipoles. The Clausius- 
Mossotti Equation then follows quite simply as.
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and

<f n (<T_ -t) E = s o J s + i f s - i  )1 E

or

(48)

Thus the Clausius-Mossotti Equation for <?g in terms of ^  
is inadequate and agrees with experiment only for nonpolar 
gas dielectrics. Actually this equation was modified by 
Debye by allowing

to account for permanent dipole momentss but it remained 
valid only for gases or a very dilute dipolar medium 
(Daviess 1 9 6 5 s p. 32; Debye, 1929, p. 15-35).

Onsager attempted to modify the internal field in 
the dielectric by using a spherical cavity the same size as 
the molecules which were assumed to be isotropically polari- 
zable with a dipole moment in a small volume located at 
their center (Onsager, 1936), Thus Onsager arrives at a 
value for the internal field of

oZ = OC. +OC ,^  . atomic .electronic (49)3kT

(50)
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which approaches a limit

3 E for <fs  -- ^ ^

In addition to the cavity field there is a reaction 
field R which results from the polarization caused by the 
moment u of the molecule acting on the surrounding medium 
consisting of pure polar liquid,

R = T § f V { | ( * ) s  (51)

where s is the molecular density as before. This reaction 
field is always parallel to the dipole and therefore has no

Ieffect on orientating it. Only Ej_0 contributes to the 
orientation.. Let Ej_m be the total internal field where 
Ej_0 is the part producing the . torque oh dipole u, and R is
the reaction field acting parallel to u with an average
direction 9 which is determined statistically from the 
interaction of the internal field E^0 and thermal motion of 
the molecules (Davies, 196$, pp. 31-32),

cos 9 = u ®io = u (52)
3kT u

The net effective orientating field is then,

Ej_0 - Eim - R cos 9 (53)



75

Substituting Equation 53 into 52 gives

cos Q = u (E1 - R cos 9)
3kT

Solving for cos 9 yields,

cos 9 = u Ej_m
3kT + u R

Thus from Equation 52

u ='■ u ®im
3kT + u R

From Equation 48 we have,

^s "1 = Z:
+2 (  3£0)

OC

but now we may write the polarizability as c<+ u. Then 
taking Eim as 1 yields.

£ g-.t, = s (°< + u) ® s Z, + u2
es +2 3£0 3£0\  3kT + u R

Also we can replace u in the relation for R by . 
(u + *<R) a more complete factor (Bottcher, 1952) giving,

R = 2 (4 -1) (u + ocR) • s 
(2 €s +1 ) 3£0

(54)

(55)

(56)

(48)

(57)

Now using a j = ^ electronic + ̂ atomic» we may deflne an "inter
nal refraction,index" by
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& » - l = s_£c' , (58)
^  +2 3eQ

Next substituting Equation 58 into 57 and solving for R gives,

R = s 2 (fj-1 ) . ((foo+2) n (59)
3f0 (2 £s + 0  3

and by substituting Equation 59 for R into 57, after some 
algebra, one arrives at the equation:

4 77'su^ = ( £ s - 8 ao ) (2 £ s +f«>)
9kT ' £s{ £ 0 0  +2)2

or

(Ss - n2) = ^ ( n 2 +2)2 s u2 (60)
2 + n2 9kT if o

owhere &%= n = the refraction index in the far infrared. 
Equation 60 is referred to as the Onsager Equation and agrees 
reasonably well with the experiment for polar liquids since 

8$ remains finite for finite u2. We may also introduce a 
factor g multiplied by u2 to help fit experimental data.
This g factor may be derived (Kirkwood, 1939) on the basis 
of specific assumptions concerning the contents of the 
spherical, cavity originally used in deriving the internal
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field, For a more detailed derivation of Onsager’s Equation 
see Hill5 et al. (1969, pp. 18-23) and Onsager (1936).

Thus we have

in which the factor - C* has been evaluated using the Onsa
ger Equation. The above expression is still not complete 
however in the sense that we must evaluate (bT) s the decay 
time in the medium, which measures the ability of the polari
zation to maintain itself. First we consider T  as the relaxa
tion time for individual molecules independent of the inter- - 
nal field. Debye (1929 $ pp. 9-11) first evaluated the term 
b'T where he assumed an internal field of the form

where we have replaced <? g in Equation 45 by <f, where £ is . 
the frequency dependent complex dielectric constant. Using 
this we obtain a value for b T given by

^total (̂ oo — ■) ) + £ S — £ oo
1+ jw(br)

EoeJwt (61)

(62)

bT = T̂  = £ 0 +2
<f«o +2

and the associated Debye Equation,

£(w) - <f0 (63)
1+ jw  {£a + 2 V  1 + jwT^ 

Uoo + 2/
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This expression for bT which is derived from an internal
field that, as previously discussed, is invalid in the static
case gives a result which is too large when compared with
evaluated experimentally. As an aside we may note that t o .
evaluate T.| experimentally we first divide the dielectric
constant if (w) into its real and imaginary parts <£"z and a"
respectively then plot £ vs. w/and note that the curve has

1a maximum at 'VCT1 = 1 . Then T̂  = -^ and T̂  is thus found 
experimentally.

Perhaps the most accurate expression to date for bT 
is given by Powles (1953) in which case he used the Onsager 
internal field of the form

(64)

where <fs in Equation 50 has been replaced by <f (w). Using 
this internal field we may substitute Equation 63 into this 
for giving.

Ei II no +

I
UJ — 3 f CO i

E 2 <r«o +1 2 c + 1 _ 1 + jwT, 2 
2 £0

+i
+1-

(65)

Next let us assume

Ei . = 2 Eeo + ‘ 3*0 - 3 '

E 2 Cm, +1 _  2 £e+i 2 £« +1
1

1. + jwT' - ]
(66)
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where T 1 is to be determined. Using the above internal 
field we may derive an expression for £(w) of the form (Cole, 
1938),

<Z'c — <f 1
S-Soo _ 2 fo + foo--  ̂ • 2 fo +£oo * 1 + jwT' (67)

A - t o o  3eo 1 + jwr
To put expression 67 in the form of Equation 63 we require 
that

T' = T ' = 3£» r = bT
1 2f6 +fo0 r (68)

' . . . ■ giving
8(w) - £ co - ______r _________1 + jwr (3_£c_ _  \ (69)\2 + <foo/

This expression for T̂  has been shown to be reasonably well 
in agreement with experiment and is the best theoretical 
approximation to date. 

Therefore, to summarize, we have a complete equation 
for the total dynamic polarization given as

^ total ̂ / <f0 (̂ oc-1) + 4  - <6* (70)g^gjwt1 + JW / 3^ \ r
V2^ +4,;r J

where we may relate £s -  to the dipole moment, temperature, 
and density of the medium by

- £oo ~ ^(^oq +2)^ s u2 (71)
2 9kT <f0 .
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It must be realized that the above expression per

tains to a medium in which only one decay time, T^, exists.
In the case of many relaxation times, Powles (1953$ pp. 636-7) 
shows that we may relate <f- as,

r,
<f(vv) -foo =  f d(£J ' ( 7 2 )

: 4  1 + jwr
in which d ( S ) = kJ(T)dr determines the distribution of 
relaxation times J(T). It may be shown that in the case of. 
a broad continuous distribution of T ?s, T/ = -f„



APPENDIX B

INFORMATION THEORY

In this section we would like to consider some
aspects of information theory which are pertinent to our
communications system. In particular, it is of interest to 
determine the information capacity and bandwidth required 
for the transmission of video and audio information.

Slow-Scan Television Information 
First, the SSTV pattern consists of 120 lines/frame 

and eight seconds/frame resulting in a time requirement of 
66.7 m.s. to scan each line. ..Now, let us assume that for a 
typical picture we have 120 divisions for each line scanned, 
and therefore the time required for each element is

T = 6.66 x 10~2 = 5„55 x 10“  ̂ seconds (73)
1.20 x io^ element

Next, we may approximate that each of these elements varies
in level from black to white through eight shades of gray.
Communication theory specifies that the information carried
by each element will be given as,

H = logg 8 = 3 bits/element 

„
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Thus> the total number of bits per frame will be given by

BP = (l.20 x 102 linesVl.20 x 102 divisions^ bits V  (74) 
^ frame/ V line J\ division/

= 43,200 bits
frame

and the resulting information rate is
bits

I = 43,200 frame = 5400 bits (75)second
8 seconds 
frame

Next, let us determine the bandwidth requirement for 
transmitting this information. Again recall from communica
tion theory (Goldman3 1953, pp. 173-217) that the maximum 
information capacity of an ideal modulation system of band
width ¥ is given by

C = 2W log2 ^1 (76)

where S and N are the root mean square amplitudes of the 
signal and noise respectively. We choose S/N to be 7, and 
the bandwidth, W, to be 1000 Hz; then C = 6000 bits/second. 
Therefore, a bandwidth of 1000 Hz is sufficient for trans
mission of Is the estimated information content.

An alternative approach to the above bandwidth deter
mination is specified in Schwartz (1970, pp. 97-99). Here,
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using Fourier analysis, and assuming the picture to consist 
of alternate black and white spots of width T, it can be 
shown that the bandwidth ¥ must be such that

W 2= _1_ (77)
Si-

Then, as calculated above, V = .55 m.s. and

¥ > 1 = 900 Hz (78)
(2) (5.55 x iq-4 sec)

resulting in a bandwidth requirement comparable in magnitude 
to.that expressed by the former method if one takes into 
account the approximations of the Fourier technique. Note 
that an increase in the number of shades of gray in the pre
vious estimation is effectively the same as decreasing T in . 
the Fourier approach; namely, it again necessitates a larger 
bandwidth requirement.

. . As a final note in regard to the video signal, recall 
from Chapter that the analog sampling rate was 10̂ . Hz, 
or 100 jn sec between samples. Since T = .55 m.s./element or 
550 ju sec/element, this implies that the shade of gray for 
each element is averaged over five samples. Also, since the 
P7 phosphor used for the SSTV monitor will not change emis
sion appreciably over a 0.5 m.s. interval, an inherent post- 
detector signal to noise ratio improvement will be obtained.
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Audio Information

Next consider, the audio part of the system. We wish 
to estimate the information rate and bandwidth requirements 
for transmission of perceptable speech. Many studies have 
been done to determine these quantities 3 often yielding 
conflicting results. However, order of magnitude estimates 
are in agreement s and one reasonable approach is presented 
in Sunde (1969, pp. 63-67). With respect to speech it is 
necessary to distinguish between "literal" and "subjective" 
information content. The former depends on the rate at 
which words are uttered and on the number of words or letters 
in the alphabet.

Statistical averaging reveals that about 120 words 
per minute with an average of six letters per word represent 
a typical speaking rate. Thus the number'of letters per 
second is 12. Since the English alphabet has 26 letters,
the corresponding literal information rate is

■ . ■ -

L = 12 log2 26 = 55 bits. (79)
second

As in the case of the video signal let us choose a 
bandwidth of 20 Hz, and let S/N = 3, then

C = 2W log2 ^1 + S^ (80)

= 40 log2 (4) = 8O' bits
second
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Therefore, 20 Hz is more than sufficient bandwidth for trans
mission of literal information.

However, our goal here is to consider "subjective" 
information or the ability to recognize the speaker's voice. 
It has been found that speech waves may be adequately repre
sented by instantaneous sampling with about 100 different 
quantized amplitude levels. As indicated in Edwards (1964, 
p. 103)i frequency analysis of speech shows the presence of 
components from 100 Hz to 10,000 Hz. Now, for simplicity, 
let us choose a value of 3000 Hz for the bandwidth— a low 
estimate. This is reasonable since the maximum power den
sity of frequencies is in fact between 0 and 1000 Hz . Then, 
the subjective information rate, S, is found to be

S = 6000 logg 100 = 40,000 bits' (8l)
second

. For the above estimate we have assumed speech to be 
a random process, without correlation between the instan
taneous samples. However, spectroscopic analysis shows 
speech to be composed of a systematic structure made up of 
a sequence of elementary sounds known as phonemes. About 
40 phonemes are required for the entire vocabulary of the 
English language. As a result, considerable redundancy 
exists, and the information capacity figure indicated above 
is greatly reduced. Thus, speech that is of perceptible
quality may be transmitted at a rate of about 2000 bits

second
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using a bandwidth of less, than 1000 Hz„ Although the 
waveform structure of the speech after transmission may not 
be exactly the same, it will sound the same to the average 
observer.



APPENDIX C

INTEGRATED CIRCUIT DIAGRAMS

This appendix gives internal circuit diagrams for 
the IC's used in the system. Included are schematics for 
the MC1709CPs MC1545G, MC85OP3 MC7402P, and the MC4324F 
(The Motorola Microelectronics Data Book, 1969). The dia
grams are given in Figures #21, 22, 23, 24, and 25, respec
tively . A schematic for the SN74121 monostable was not 
available; however, further details on circuit function 
may be obtained from the Texas Instruments Integrated Cir
cuits Catalog (1968).

87
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Fig. 21. The MC1709CP Operational Amplifier
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