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PHEFACE

The advent of World War II brought about technological ad-
vences comparasble to no other era. Among these advances, the
development of radar snd assoclated pulse techniques 1s para-
mount.

The migration to higher frequencies, with a consequent in-
crease in bandwidth, mede the development of pulse communication
systems practicsl. USeveral systems were developed during the war
and intensive commercial research and development 1s now under
way.

However, the presently developed systems sre designed for
use at 1000 mecs. or higher, utllizing a system of narrow beam
relay stations.

This study was begun with the idea of Investigating the
possibllities of modulated pulse communication at lower frequen-
cles with transmisslion over existing coaxial cable systems.

With this thought in mind, the writer and Mr, C, W. Merle
began a period of investigation into previous work in the field
in Februsry, 1949,

Mr. Merle left Stillwater in June, 1949, but considerable
progress had been achieved on the transmitter at this time. Mr.
Thomas King then joined the writer in continued development of
the transmitter.

.A three channel demodulator is currently under development

to complete the system.
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A TRANSMITTER FOR EXPERIMENTATION WITH MODULATED PULSE
COMMUNICATION

PART 1 - FAMILIARIZATION

The ever Increasing congestion on the present day smplitude
modiuleted brosdcest band and existing wire facllitles, together
with the possibilities for technicel improvements st higher fre-
quencies, has been the principal motive in directing attention to
methods of utilizing these higher frequencies to supplement com-
munication systems now in existence. The rapid grpwth of freguen-
cy modulation is an indlcetion of the advance in this direction.
A continued sdvance in means and methods of communlcation is a
necessity for continued world progress.

The customary method of transmitting intelligence by elec-
tricel means involves the conversion of sound pressure weves into
electricel impulses, These impulses hsve individual identifying
characteristics consisting of eamplitude, frequency, or phase, in
eccordence with the individusl sound waves. Ordinary methods of
transmission utilize principles of contlinuous power flow typical
of the individuel sounds involved in the transmission process.

In recent years a new system of transmission has been pro-
posed primarily for utlilizetlion at high frequencles. The scheme
grew from a desire to take advantage of the wider bandwidths per
channel availeble in the upper regions of the radio frequency
spectrum. This system proposes that the transmission of intelli-
gence on sny particular channel be restricted to a pulse of elec-
triecal energy, which occupies but a fraction of the total time,
say & microsecond, (10~° second) and recurring at a sultsble rate.

Several methods of saschieving this result have been proposed and



are classified under the genersl heading of "Pulse Modulation."

An esdventage of pulse modulstion is that it 1s not neces-
sary to transmit s converted sound wave in its entirety. It is
sufficlent to take successive samples of the wave iIn the channel
at separate time‘intervals and to transmit the information gailned
by sempling as a serles of pulses. If a wave represented by a
function f(t) contains no frequencies higher than w cycles per
second, it is completely determined by giving ordinates at a
serles of points spaced “/2 seconds apart.l

A mathemetical proof of this fact, to prove that it is not
only epproximately, but exsctly, true, is included in the cited
reference, However, intuitive ressoning will indicete that if
£(t) contains no frequencies higher than cv cycles per second, it
cannot chenge to a new value in a time less than one-half cycle
of the highest frequency.

In the geometricel representation of signals end messages,
as used by Shannon, 1t is peinted out that the humen ear is in-
gsensitive to a certein amount of phase distortion.? This fact,
coupled with the reduction 1n frequency discrimination of the
human easr as the frequency increases, reduces the number of nec-
essary message dimensions. This reduction in necessary intelli=-
gence dimensions for sdequate transmission is not genéral; in
fact, it does not exist in television, but can be used to sdvan-

tage in the consideration of volce transmission.

1g, E, Shennon, "Communication in the Presence of Noise,"

Proceedings of the Institute of Redlo Engineers, XXXVII
anuary, 1949), 10.

? mBidy, p. 18,



Early work in pulse modulation dates from sbout 1924, when a
patent was assigned to one R. A, Heilsing. This system grew out of
an attempt to increase the power efficlency of the transmission
system. Recently, much attention has been given to the aystem as
a method of multiplexing telephone channels and for multichannel
microwave radio relay systems. A great advance to this method of
transmission will result from the recently announced development
of the electrostatically focussed radio beam tube,°24 In con-
trast to its predecessor, the magnetically focussing type, which
is limited in rotational speed by losses in the magnetic struec-
ture, this tube 1s limited only by the capacity between tube
elements. This tube provides an inertialess distributor of prac-
tically infinite speed, with definlite applications in the field
.of time division multiplex. Tubes of this type have been devel-
oped with twelve grid leads and a single anode lead for multi-
plex input and e single grild and twelve plate leads for multiplex
decodinges The tubes are no larger than an ordinary receiving
tube. Notes in the references indlcate that a thirty element
tube 1s being developed st the Nationsl Union Radio Laboratories.

At this time there are five methods of pulse modulation
under development. The different types are distinguished by the
manmer in which the moduletion 1s made to vary a characteristic

of the pulse. The modulating signal may be made to vary:

S A. M. Skellet, "Electrostatically Focussed Kadio Beam

Tube," Proceedings of the Institute of Redio Engineers, XXXVI
(November, 1948), 1354.

4 D, D. Orieg, A. M. Levine, "Pulse Time Modulated Multiplex

Radio Helay System -- Terminal Equipment," Electrical Communi-
cation, XXIII (June, 1946), 159. :



l. The height of the pulse.

2. The duration of the pulse.

%2+ The repetition rate of the pulse.

4, The timing of the pulse with respect to a merker pulse.
S A combinstion of (1) and (4) sbove.

Each type of pulse modulation listed above 1s classified by

neme gnd willl be so referred to in this work as follows:
1. Pulse Amplitude Modulation (PAM),
2, Pulse Width Mocdulation (PWNM),
3. FPulse Frequency Modulation (PFM). 5
4, Pulse Time Modulation (PTM of PPM).
5. FPulse Code Moduwlation (PCM).

In pulse amplitude moduletion, the sampling pulses vary in
empllitude to follow the amplitudes of the weve belng sempled,
This system 1s relatively efficient in bandwidth utilizetion and
is receiving asttention from the British,' If pulses which have
sloping sides esre used ir this system, not only the height of the
pulse but slso the width will vary with the modulating signel. A
steep pulse is therefore necessary. Of course, an infinitely
steep (1.e., rectenguler) pulse is also most edvantegeous for
noise reduction. However, in this type of pulse moduletion, the
requirement for varistions in pulse height, coupled with the
random noise varistions which in perticular affect the leading
edge end the top of the sampling pulse, caused signal-nolse con-
siderations which drew sttention to other possible types of pulse

modulation. The cross talk problem is modified in other types of

S A. H. Reeves, French Patent 833,929, filed, 18 June, 1937
end U. 5. Patent 2,266,401, filed 9 June, 1938.

6 A, H. Reeves, French Patent 852,183, filed, 3 October, 1938
end U, S, Patent 2,272,070, filed 22 November, 1939.

7 ¥, F. Roberts, J, C, Simmonds, "Multichannel Communication
Systems," Wireless Engineer, XXII (November, 1945), 538.



pulse modulation by amplitude limiter circulits which would obvi-
ously have little application in pulse amplitude modulation.

Une of the first methods to receive attention in the attempt
to improve on pulse amplitude modulation wes pulse width modula-
tion. As the name implles, the pulse width is increased or de-
creased in accordance with the varistions of the modulating signal.
This system is more expensive in bandwidth requirement than pulse
smplitude modulastion. The addition to thls system of & pulse of
fixed amplitude ceunses & significant improvement in a;gnal-noiae
ratlo. However, the pertinent informaetion to be transmitted may
be accurately reproduceq if only two dimenslions, namely, the tim-
ing of the beginning and end of the individual pulses, are accu-
rately known. The determination pf these minimum requirements
for adequate signal sampling was made by Shannon arnd others.®
These discoverles made pulse width modulation expensive from the
standpoint of power requirements and led to further investigations
in pulse modulation.

Another method of pulse modulation was suggested in which
the pulses would be of constant amplitude and durstion, as well
as time positlion, but would vary in carrisr frequency. This
system is known as pulse freguency modulation.s The transmission
faculties of this system became available through veristion in
the carrier frequency of each individual pulse whiqh is mede to
change proportionally to the emplitude sample at the time, A
signal-noise improvement is available in the utilization of this

system due to the fixed dimensions of the pulse, but additionsal

€ Shennon, loc. cite.

e ——



bandwidth requirements are necessary., The utilization of the
total bandwidth improves, ho;ever, because the number of channels
1s increased.’ This 1s due to the fact that the additional band
required for frequency modulation with a given signsl-noise ratilo
improvement becomes a smaller fraction of the bandwidth required
for the correct transmission of the pulse shape.

A further development in pulse modulation technique i1s known
as Pulse Code Modulation. In this system the transmission of
1ﬁrormation is characterized by the presence or asbsence of =a
pulse. The absence of & pulse is transmitted as a zeroj the
presence of a pulse 1s transmitted as the figure one. A five
unit binary code is most often used, giving 25 or 32 discrete
levels or steps. For example:

Transmitted Received as
00000 0
00001 1
00010 2
01001 9
11111 3l

Systems have been devised with numerous unit codes varying from
two to seven, giving four to one hundred twenty-elight discrete
levels or steps. 1t is a characteristic of the system that the
input wave is not sampled exactly in amplitude, but rather to
within one-~half step of its actual value at the insteant the same
pling 1s accomplished. Consequently, a gquantizstion noise, which
i1s a function of the number of steps used in the ssmpling proc-

ess, 1s created. This quantization noise cen be decreased by

° E, M. Deloraine, "Pulse Modulation," gzggsgg;ggg_g;,ghg
Institute of Radlo Engineers, XXXVII (June, 1949), 702.



utilization of the proper number of sempling steps. It should be
understood that an increase in the number of sampling levels as a
deterrent to the creating of quantizing noise requires an increase
in the number of pulses to be transmitted, and conhequently in-
creases the bandwidth required. However, a large sl gnal-noise
ratio is attainable and the signals may be compressed in trans-
mission bandwidth to the extent of appreciable carry-over from
one pulse to the next without affecting the transmission capa-
bilitles. In the case in which the communication link includes a
number of relays, this type of modulation ahows:a striking advan-
tage over other types when use is made of regenerative repeaterl.lo

Several novel circuits have been devised to improve the
capebilities of the pulse code method. Of these, the iIntroduc-
tion of the stalrcase transducer and the non-lineer tapered quan-
tigers are worthy of note. The tapered quantizers are utilized
on weak slgnals much as a volume compressor-expander circuit, !
Quantizers are placed on both sides of the transducer, one for
compression of large signals end the other for expansion of weak
signals by epplying a larger number of steps to the weaker signals,
The arrangement of the two non-linear quantizers provides a linear
combination. -

In a pulse time modulation system the channel pulses are of

constant amplitude, width, and duration, varying only in time of

10 4, a. Clavier, F. F. Panter, W, Dite, "Signal-noise Ratilo

Improvement in a PCM System," Emge%mzs. of the Institute of
‘Redio Engineers, XXXVII (April, 1949), 355.

11 v, R, Bennett, "Spectra of Quantized Signals," Bell
System Technicsl Journal, XXVII (July, 1948), 446.



occurrence with respect to s common marker pulse. A marker pulse

is transmitted once for each frame a&s illustrated in Figure 1.

¢ ! Frame >
Marker Modalated |]
i Pulse Mein (bsition Channe! FPulse
of Pulse

B m o u

-

|
I
|
I
|
|
I
|

Figure [ Pulse Time Moduladion

A typicsl five chennel system is i1llustrated above. Each
frame contains one marker pulse which may be distingulshed from
the channel pulses by increased width or amplitude. The freme
recurrence rate may vary; however, typical systems utilize frame
recurrence rates in the vieinity of 10 KC. The modulation volt-
age of any one channel varies the timing of the corresponding
pulse with respect to the marker. A positive modulating voltege
produces sn edvence in pulse position with respect to the mean
position of the pulse; a negative modulating voltage retards the

pulse in time. The displacement of the pulse in time is propor-
tional to the amplitude of the modulsting voltage and the number



of cycles of deviatlon per second 1s equal to the frequency of
the modulating signel.l® A typleal system, cited from the refer-
ence, lists a marker pulse which 18 4 .«s. (microseconds) long,
and channel pulses which are 1l u«s. long. A 1l5.«s. space is re-
served for the positive and negative varliations of the pulse.
This sllows & variation of ¥ 6 «s., and a 2 .«s, interval to avoid
carry-over between adjacent channels. The frame recurrence rsate
is 8 KC,, and the audible signal produced thereby 1s removed by
filters. Therefore, in this system the modulating signal 1is
sempled by pulses eight thousand times per second,

Another system 1s that utilized in the AN/TRC 6.1° In this
case, the multiplex unit generates a 4.us. marker pulse at a
recurrence rate of 8 KC,, thus providing a 125 «s., frame. There
are eight 1l us. channel pulses evenly spaced in the frame with a
positive modulating voltage producing a retardation of the pulse
in time position and a negative modulating voltege producing an
advence of the pulse from the mean position. Each channel has a
15 «s. space including 3.u«s. channel separation. The duty cyecle,
defined as the ratio of the total time per frame to the length of
time the trensmitter is operating during that freme, is 125/12 or
about ten. This equipment was used in the later stages of the
war in the European Theater of Operations under combat conditicns
to provide eight channel voice communication of high quality. A
particular installation operated over three hundred miles using

Y W B, Bronwell, R. E. Beam, Theory and Application of

Microwaves, pp. 245-246,.

13 g, =E. Lacy, "Two Multichannel Microwave Relay Equipments
for the United statea Army Communication Network," of

the Institute of Radio Engineers, XXXV (Jenuary, 1947), 65.
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two terminal and three relay stations,

A system of pulse time modulation of broadecast quality has
been designed and tested by Federal Telecommunication Leborato-
ries.1% This unit was designed for eight channels. Twenty-four
thousand pulses per second are used to semple each channel, Thils
is epproximately three times the highest asudio frequency to be
transmitted. The sampling pulses are one-half microsecond wide
at an amplitude ten per cent above the base and have a .15 mlero-
second rise time. The marker pulse 1s composed of two adjacent
channel pulses which are closer in time than any channel pulses
under extreme modulation conditions and thereby identify each
freme. This system, operating at 930 MCs,, has proved satisfac-
tory for AM and FM programs, teletype, facsimile, and photo trans-
mission.

Several pulse modulation systems have been designed in for-
eign countries. Of those reported, the most noteworthy are the
British pulse amplitude system and the French system of frequency
division chammel modulation with a frequency modulated carri-
er.19s16 3o reference was found on foreign systems utilizing
pulse time modulation. However, the original experimental equip-
ments making use of the time division theory were constructed in
the Paris end London leboratories of the International Telephone

14 A, 6. Kendalen, A. M. Levine, Experinentnl Ultra-High-
Frequensy Multiplex Broadcasting System,” s of the

Institute of Radio Engineers, XXXVII (June, 1949 s 694,
15 p, . Roberts, J. C. Simmonds, op. cit., XXII, 538,

16 A, G, Clavier, G, Fhelizon, “Paria—ﬁontmorency 3000 Mega=-
cycle Frequency Modulstion Radio Link," Electricel Communicstion,
XXIV (June, 1947), 159.



and Telegraph Gompany.17

It has been stated that pulse modulation incresses the ef-
ficiency of bendwidth utilization. In order to clarify stete-~
ments and prevent smbiguity, e few definitlons are presented.
Effective bandwidth is defined as the total bandwidth times the
frection of time used. Obviously, with a continuous wave type of
transmission the effective bandwidth is the total bandwidth, In
en efficlently designed pulse time system, the fraction of time
used would approach one as the efficliency of time utilization
increased, Consider, for example, a series of ten conventional
emplitude modulated broadecast transmitters. With an allowance of
20 KC, per transmitter, the bandwidth consumed is 200 EC, In the
current amplitude modulated brosdecast band this is approximately
forty per cent of the lowest frequency availeble., With vestigial
sideband transmission, the utilization of bandwidth is theoreti-
cally doubled. However, the necessary frequency space or band-
width for present needs has not been aoquirad. Examine & pulse
time system. Again ten channels will be used. 40,000 pulses per
second will be trensmitted, corresponding to an andio band of
16 KC. and a frame duration of 25 microseconds. This 25 miero~-
second frame is entirely sufficient, although not necessary, for
the proper sampling of ten high fidelity channels, including
guard time between chanmnels. The Fourier analysis of the partic-
ular pulse shape obtained for the conditions indicated shows that
the required bandwidth for the complex pulse multiplex series

17 g, M, Deloraine, E., Labin, "Pulse Time Modulation,"
Electricel Communication, XXII (March, 1944), 91.
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would be spproximately 2.5 megacyele 05.18:19 ppig spectrum re-
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arises Tfrom the b
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S guireneon gh harmonie content of the pulses.
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I

[

this complex signel is used Tor conventional WI?iAtdde
moduletion of the carrier,.a frequency spectrum of 5 megacycles
width would be necessary. Vestigisl sideband brensmission eould
‘be used hers with obvious adventages. Turning to the bendwidth
comparison, it becomes evidenl that the 2.5 wmegacyecle spectrum

o

needed for pulée time modnlation isg 250 per cent of the lowest
broadcast freguency. Re-exgﬁin&tion of pulse time in the higher
freguency region,'say at 100 magacyéles, where the ratio b@comes

5 per ecent, shows derinite inrovemént. &t 1000 megacyeles,
which is Wiﬁh¢ Lhe ontlmum spectrum Por this system; the frac
tion becomes Iinsignificant.

It

e

g therefore cbvious that pulse time wmodulstion offers a
remerkable improvement in bandwidth atilization, provided, that
it is used in a region where its bandwidth regulirement is rela-

tively insignificant, compared to the bandwidth aveilsble. The

act that a specific number of channels was used in the foregeing

)

-. -

andwidth comparison might lead one to believe that the total

0"

bendwidth in this system is a function of the number of channels.
This is not true. In a pulse modulstion system, the totsl band-
= ] ¥ s - ,‘:’O

widbh is essentially Independent of the number of chamnels.”

The bandwidth is determined by the bulld-up time of the pulses,

¥ Blectrical Cou-

A

1% p, D, Grieg, "Multiplex Broadecasting,
mmication, XXIII1 ?M rch, 1046), 19.

19 J. C. Lozier, "Spectrum Anelysis of Pulse Hodulsated
Waves," Bell System Technical Joarqul, X¥VI (hpril, 1947}, 360.

&

<Y E. #d, Deleorsins, E, Lsbin, loc. cit.
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snd not by the mumber of channels nused. Alzo worthy of note is
the fect thabt pulse tine mcdulatien requires more bendwidth thsn
does pulse smplitude modulation. The pulse time system has often.
been cheracterized as onse which exchanged bandwidth fer aiﬁﬂal-
noise rabtio. This leads directly into snother primary adVantage
of tho systems A signal-noise lmprovement ratlo of 20 db, over
aniplitude modulated trapsmission 1s easily achieved. Additionel
adventeges of the pulse time system are size and simplicity of
equipment, cconomy of power, high quality-low nolse reception,
and improved stsbility.

It i1g interesting to note that the principal efforts in
utliization of this type of mcdulatisn have been directed toward
the microwave relay field. The migratlon of the broadeast serv-
lees to the higher frequency-shorter wave length portion of the
Hertzian spectrum is anticipated by many englneers. In this field
s complete new coneept of broadeasting, utilizing pulse time
modulation, is envisioned. 2 This technique.of conmunlcation
appears destined to take its place amoung the technleal advances

of thiz dscade,

7 - .
21 Grieg, lcu. cite
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PAKT 2 - THE SYSTE

r)

The overwhelming sdvantages of this system, compared to oth-

force its adoption

=y

or systems of transmission yet concelved, will

b

2

nony communication services. By this mesns the transmission

would not be restrieted to UHE point to point mmltiplex relay or

o

b

multiplex brosdcasting, but would include coaxisl transmission of
2ll types of intelligence. This concept of the possibilitiea of
pulse modulstion in generel, and pulse time wodulation in par-
ticular, led to the study and design of the system described
here.

ratem is intended to be one of meny varisbles. This
choice was dictated by a desire to sllow study and testing of

pulse moduletion, as well as the effect of vari-

stions in esch. The over-zll study is to be carried out over a

relatively long veriod. & period of research and study of the

peculiarities of pulse modulation was undertaken by the writer
and ir. U, W. idlerle early in February, 19249, snd shortly there-

after, design and construction of the experimentsl system begen.

Barly %uﬂdy ind ed thet the pulse time type of modulation was
the more simple, yet most efficacious, device. Therefore, =« pulse

tiwme systewm with nume: cous verisbles was decided upon.
A consideration of the necessary size and complexity of the

eguipment regulred for veristion of |

7
jrd
[}

i¢c persmeters such as
pulee durstion, emplitude, ond recurrence rate obvisted the pos-

zibility of making thew vesrisble at the pulse 3ource.l_ However,

oy, w, fwvz tt, “Producing iectenguler n. ¥,

I
- . ~ Py . o . -
ﬁnO‘n ﬂmnlltvne, ireless Engineer, AXILI (Hareh, 194




the emplitude and duration {within narrow limits) could be
ehanged by simple eircult vavistions in other stag

ment. The pulse recurrvence rate was made constant. This choice

was dlcteted by several conslderstions, but primarily because a
stable pulse source was necessary. sSeveral wethods of producing
- . . : o . . .

the pulsss were svailable. The following were considercd:i”

ent sguare waves ol

%, Discharge of g cspaclitor through sn inductsnce.
4, Lifferentiastion of a sguare wave.

Blocking oscillator.

o
.

s

6. Hon-linesr inductence.

Simplicity and efficiency directed the choice of the limit-
‘ed sine wave oscillator. Several factors were involved in the
determination of the oscillator freguency, since this frequency
determines the pulse recurrence rate, which in turn affects the
audio bendwidith which may be Pandled; Also, the pulse recurrence
rate determines the length of the freme, and conseguently, the
number of posscible chennels without carry-over between pulses.
Sound engineers heve shown that = systém capable of transmitting

2500 cyecle sudio band is necessary Toxr elghty per cent speech

intelligibility.” For sdequats rodic reception, o 5,000 cycle

band is desirsble, and improvement i1a noticesble up to the limits

Pl
4

)

audibility This limit falls between 15,000 and 20,000 cycles

a

¥, ¥, Hoberts, J. C, Simmonds, loc. cit.

3

\

He fFlestcher, Bpeed and Hearing, pp. 280-281.
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per second, depending wupon the individusl, A high fldelity system

Kl

satisfactory siznsl-noise rabio improvement over existing systems

N 3.

was to be schieved. Also, since the system was to operats on a
time base reckoned in microseconds and fractlions thereol, the
utilization of a common pulse signal source would simplify neces-

a

sary circultry. Therefore, & gystem using = common

’3
€0
to
[
ot
1)
1

lgnal source
with sulteble varishle delsy nstworks to provide individual chen-

1isidered convenlent. The

I
b

g
=
D
=4
g
jas]
o
&
o]

nel pu 1a€b separated iu

combination of wery sharp pulses and deley networks suggested the

ible soplicstion of radar principles to the developwent of

UJ'

pos
the syst@m; This possibility was investigated snd found satis-
sctory. Oonsequently, the system consists of a recombinstion of

radar characteristics and principles 1nto. & pulse time system.

Since design of the pulse generator was bezun with a desir

o

J"’“

for a high fidelity system snd fidelity tesits were Lo be carried

out on the completed unit, the pulse generator was selected to
give moximum quality, by providing sn audic bandwidth of 15 kilo-
cycles.

Hamerous delay systems were svailable and since no difficul-
ty with this part of the circult was gntieipat%d, consideration
was directed to the delaey circult input. The pulse recurrahce
raﬁe was fixed at a minimum of 30 KC by the reguirement that it

be at lesst twice the highest sudio frequency to be transmitted,

Pulse Torming networks were selescted to shape the limited sine

wave oscllliator output.
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The originel system was intended to utilize 2 modified radar
cireuit for the pulse wmodulator., It was detormin@d that pulse
time modulation could be achieved by the insertion of a Hiller
effect resctance tube between grid and plete of a varisble width
maltivibrator. The multivibrator pulse widih wounld vary as the
effective capacibance beuwe en grid end plate (the reactance tube)
wes changed. ”hl% change could be w“d@ to occur at an audio rate
by the application of en audlo zignsl to the grid of the react-
ance tube. The effective input capacitance of this type react-
ance tube would vary in accordance with the changes in smplitude

2

of the incoming sudio sipgnal. This smplitude variation would be
held below a speciiied limilt by an app Opriaﬁe omplitude limiter
cireuit in order to prevent excessive modulstion deviation and
cansequent carry-over bebtween pulses, The mmltivibrator variable-
width square wave pulse output isvim.effect pulse width modula-
tion. Howsver, pulse time modulation can be achisved from this
by simple differentiation of thisz multivibrator square wave pulse.

The ummoduleted portion of the differentiator output iz removed

by eclipping The modulated portion is retalined ond fed to s

channel mixer. Here pulses from all channels are mixsd and fed
to a cethode follower in order to mateh the impedance of the

transmission lin

(“)

°

The transmission line will consist of proximately 220 feet
of RG8/U coaxial cable. This cable is made up of & seven strand
copper conductor surroundsd by a concentric woven copper sheath.
The line iz an outside dlameter of .405 inches and a2 nominal
impedence of 52 ohms. The dislectric is polyethylene. Although

conslderation is normally gliven to the asttenuation characteristics
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of solid dielectric eoax, such consideration is not warranted in

this case, due to the low frequencies used. However, later in-

vestigations to be conducted on thisg system may well indicate
that tranemission losses willl occur because of the bandwidth

The demodulation aystem 1s reguired to seps ratw ea ch:ihdi-
vidual channel, as well as to recover, the criginsl modulating
signal. The following demodulstion systems are suggested. In a
pulse time system, it iz obviously necessary that the rsceliver be

L£3

synchronlzed with the transmitter. his waey be achieved with a

multivibretor triggeor circuit actuated once sach frame by & mark-
er pulse of increased smplitude. The wreceiver could stert oper-
ation, therefore, only on the marker pulse, zince thet is the

requisite of proper synchronization. As an alternative, it 1s

i}

possible to employ & negstively blassed tricde and
marker pulse to operate ss & synchronizer under the impulse of
the incressed awmplitude marker pulse, However, the positive
action of the ons shot multivibrator circult deserves consider-

3

ation for

tu:

hig function.
After the marker pulse hes served to synehronize the receiv-

I3

er, it msy be rewmoved by a marker discriminator. It is intsrest-

=

ng to note that The marker pulse might also be modulated, say

with freguency modulstion, sad thereby provide another channel.

4 g . Yoo . " .
waﬁ, A. Cowan, "Broasd Band Cerrier and Coaxial Cable He
works," Eroceedings of Nationsl Electronics Conference, (194

150,
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With = pulse time system, it is possible to recover the

medulating signal by means of low pass fllters; providing » spe-

eizl seperstor pulse shope 18 cmployed. However, spurious fre-

gquencies will exist, to the detriment of this systen
upon the relation bebween pulse repetition freqguency snd aud:

modulating ffequency.6 This pxawomcq,“ nas been encountered

351 in
ezrly tests on the eguipment and 1s not continuous ag might bhe

expectod, but rather, occurs in steps.
Another schewme is suggested which is reported ss more satis-

o~ : . . A s
factory from the standpoint of signal-noise vratio. The audio

&

glgnal may be recovered by charging a capseitor which dlscharges

through a resistor. DLy proper time constent adjustmsnt the volt-
age across the resistor wmay be ceused to follow tThe andio signal

closely.

The method of saparating a germsne pulse chain at the re-

~ceiver night be accomplished with a multivibrator for each chan-
nel,® The entire pulss sequesnce would be Impressed at the cir-
cuit invut terminals, bubt the unlt would operate only on the

selected pulse, onece each frame, depending on the internal time
constants. This system could be arranged to produce channel

separastion and amplitude translation as welles. A low pase filter
gystem would complets the demodulation PTOCes8s.

It wozld be possible to use a delay network for chznnel

¥, I, Hoberts, J. G« Dlmmonds, loc. clt.
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lemodulation, a8 was used in this unit, for producing separate

channel pulses for the modulated pulse sequence. An lie rnetive
scheme would be to uvilize a multivibreteor to rsmove the marker

pulae and produce 2 pedestal pulse delaved to the nroper channel
I P b prog

T

in the szeguence. This pedestal pulsc may serve Lo separste the
appropriste channel pulse with the pedestal pulse slope utilized

to trenslete the time modulated pulses into awplitude medulated

pulses. Sultably timed pedestal pulses would be reguired for

each channel in the sequence.g

Any commercial utilization cf the pulse time system would of
ﬁecessity ackieve sven grester than inhserent simplicity end ef-
ficlency by *hc use of the newly developed special purpose wultbli-
plexing tubes previously mentioned. The necessity for demodu-
lation schemes dlscussed here and the modulation devices discussed
previously are either removed or grestly modified by the advent
af these tubes.
In 1line with the foregoing discussion on demodulation, it
shounld be peinted oubt thet advantageous use coan be made of limit-
er =nd differventiator circuits in the demodulstor. An important
measure of the protection against nolise Interference offered by
time modulsted pulses results from the high ratio of pesk to
aversge power used. In terms of the pulses, the Ilmprovement is
_promovt1ﬂm 1l te the time modulation displacement and inversely
proportionel to the build-up or decey time, whichever is the
threshold of improvement is reached when the pesk

pulse amplitude ig about twice the effective noise peaks. The
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egr e Zunpres n 1s obtalned when successive

gtages of limiting and differentietion are incorporated

o

recaiver. Nolse may eanter s pulse system by any of the Tollowl:

£258

i
5]

Width modulation of pulses

3. HNoise hebween pulses.
Ly aplacenent in bime of lesding or trailing edge of

pulbd‘.
Woise srising from (1) and (3} above may be removed by prop-
er limiting if input signal-noise 1ls greater then 6 db., & dif-
ferentiator wmay extract the proper pulse edge and remove noise
from (2] sbove. This action mey not be complete, due to the
edge-slope varistion and the process may be repeated. MNoise
from (4) above is of the same form a3 the modulating signal and
although inherent in the system, 1t 1s Tortunetely slight. How-

ever, 1t may be reduced by decreasi

bullé-up or decny time,

ie€.s, increasing the bandwidth. The limiter espplication also

Pa

provides constancy of slgnal independent of fading and other

=2

tranamission vegaries.



PART 3 - THE UNIT
The basic timing source is & 100 KC. quartz crystal con-
trolled oscillstor. The elrcuit with constants is i1llustrated

in Figure 3. This circuit was removed from an A/APN-4 Loren Indi-

o

cator. In its original application, this oscillator was made
variable within nsrrow limits by means of a 5~50.bLufsﬁariable
capacitor between grid and ground} In this application of the
cireuit, the VQriable capacitor was replaced by & fixed ﬁica
capacitor of 57.54u44f.> This fixed capacitor provided the neces~
sary frequenéy correction to lQO KC. |
Sinee it is anticipated thet additional channels willvlater
>he added to this unit, an oscillator with stable load dhﬁracter-
istles 1s 2 necessity, because any reactance that‘the ldad couples
inte the cirveuit will affect the frequeney. 4lso, any résistance
reflected from the load into the oscillatbr circult ordinérily
will modify the generated frequency by affecting the phass re-
lationship. This frequeﬁcy senslitive load condition mey be re-
,_move@ by using a buffer or isclating esmplifier between the oscil-
lator and the lcad. The buffer amplifier will provide ﬂ,cdnstaﬂt
load on the oscillator cirecuit. This tube provides s slight
amplifilcation of the sine wave inpubt, a8 well as isolating the
" gscillator, However, the primery purpose of thils signszl is to
provide sharp, large amplitude trigger pulses to g one shot multi-
vibrator. Wave sheping circults are therefore necessary. The

first of these is 2 limiter circuit to remove the positive and

1 Donegld G. Fink, "Loran Receiver Indicator,” Electronics,
XVIII (Decewmber, 1945), 110, '
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4

negative sine Nuvp peairs, aud g the third function accomplished
in this triode., The clreuit, utilizing the second hslf of =2

Figure . The liwmiter is opersted with

illustreted in Fig ; .

£

zero fixed bilas, snd develops zrid lesk bias, due to the flow of

ez

grid ecurvent. The 530 wicromicrolfarad coupling capaecito

[s

s

LJ

positive swing by the flow of current throuzh

the 33K resistor and through the internsl resistence of the tube,

cetive swing, the sccummlated chevge on the coupling

&

Q
m
U
a
o
d“
]
=
E_J
o
W
x

i of I through the 3ZK resistor. The resistsnce of

the discharge path of the coupling condenser 18 greater than the

resistance of the cherge poth, with the result that o residusl

charge is bullt up own the coupling condenser. This residusl
chargs scts 2s 2 negative biss betwesen grid and csthode of the

23
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limiter. This results in a glight neg
restorastion effect. In other words, the effect of the input

signel in driving the grid positive lg reduced. The residusl
cherge on the coupling cspacitor provides a more negative 2versage
sbout which the input sinusoid weve varies. As the input wave
ative, the plate current is reduced ond ceases to flow

ﬂ

reach the cutoff value.

hen congtruction had proceeded to thiz point, 2 fregquency
check was mzde. A BC 221 secondory freqguency standsrd was used
in conjunction with & Duilont 2085 osclillloscope. Dy means of
Lissajousn patterns, the freguency of the oscillator was found to
remain within * seven cycles of 100KC under various losds on the
buffer smplifier limiter. This was satisfactory, snd construc-

tion proceeded.



Only an approximete sguaring of the wave 18 achieved in the
1limiter elrcuit. The sides of the wave are not vertical, as ls
degired for the production of sherp trigger pulses. Also, the
short time constant coupling circuit charges =md dlscharges very

)

rapidly and the average bias produced is swmall. Therefors; the

[%i)

approxlmate square wave ocutput of the limiter tube is spplied to

e

fulo
D

an overdriven awmplifier, Figure 4, for the purpose of steepening

the sides. The overdriven amplifier is & circult wherein satu-
ration limiting is employed in conjunction with cutoff limiting

to produce & sguare wave.
In order to produce = shearp trigger pulse from the zsguere

wave outpubt of the overdriven swplifier, the time constant of th

®

& s

coupling circuit to the next stage, a pesker and yulse.arpl iTier,
Figure 5, is wmade very short, In thiﬁ case, the KC time constent
1s approximately one microsecond., The coupling cepacltor charges
and discharges very rapidly, producing negligible biss and the
grid is therecfore essentially at ground potential. The grid
signel 1z s series of sherp positive and negetive pulses from the
differentiator. The tubse is biésed considersbly beyond cutoff

to remove the negative pulsces as well as the broad lower portions
of the positive pulses, The positive pulse peaks drive the grid
very positive with respect to the cathode, causing o large plate
current for the duration of the pulse. This large plate current

produces = large, sharp drop in plate voltage so that the output

iz a high amplitude negative pulse of approximately one wmicro-
second duration. These trigger puisa& recur every ten mlcrosnec-

onds or at & repetition frequency of 100 KC.
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In this uwnit a common oscillator- llmiLev cireult provides

the driving volitage for the pulse forming networks. From the
acillator-iimiter to the ouatpubt mizer, = duplicate circult is
requifed for each chennel. It was declded that the assigned
functicﬁs of the unit could be cerried cut =ith » © Fvee channel
transmitter. Therefore, easch cireuit from the oscillstor-limiter
£o the output mixer exclusive, when satlsifacto m1ly designed, was
exeéﬁted in triplicate. & éeparate pulse FTorming n@twork, iden-

~

ticel with that described except Tor sddition of an asmplitude

g

controlling potentiometer, was used for the marker pulse.

This merker pulse ig fed directly Trom the pulse forming

network into the output mixer. The three chennel pulses, idenbi-

o]
-
w
g
o)
iy
@
o
Loy
o)
L

cal in time =znd shepe pulse delay network. Uany

0

deley systewms have been devised, and the artificiel transmission

line, often called & “delesy line”, is probably ths most common.

"l‘

This device utllizes inductances with capaclitances in shunt and

@ 2

must be termineted in its charecteristic impedance. The delay

vaileble Trom this device 1s equsl to the sgusre voot of the
product of L and C per asesection, Yherefore, if sizeble delsy
(ebove o few microseconds) is to be realized, msny identicsl

secbions must be utilized., Fzilure to recognize tris fact will

result in excessive attenusiticn and pulse shape deterioration.

E—-\n
f~26

iculty in cobtaining precise values of inductance regulred
use oi asnother system in this unit.

-Hec ourse was had to a system of delay, using vacuum tubes as
delay elements. since this is an nyaefsmeﬁb 21 unit, this delsy,

termines the relstive cccurrences of the channel pulses,

a3
15}
N
(wg
[ 7

must be manually varisble. It must s2lso be countinuous throughout



e

its renge snd grest encugh to allow complete separation of chan-
nels plus guard vime bebtween channels under 100 per cent modu-
lation. The cireuilt isg illustrated in ¥ioure Ge

. . The cathode of the triode delay tube is connected ai xectlv

to bround, and the tube i

[49]

therefore normally condﬂutinn. ,The
high amplitude negati Ve pulse from the peakerwamplifier cirenit
drives the delay tube into cutoff instanbeneously, since there

1s no resistance in the charge path of the capacitor between gri
4:) B &

7]

and ground. The discherge time of the psrallel KU nebwork be-
tween grid and grbund determines the amount of the delay by fix-
ing the tiwe the tube is held cub off. The oulput is a2 positive
goling squsare wave with verisble trailimg‘eio as determined by
the getting of the potentlometer in the HC network.

In the originsl contempletion of the unit, this delayed
pulse was to control directly the action time of the modulator’
fed one shot mulﬁivibraﬁors. Bowever, experimentation proved

that this resulted in loading back from the mulbtivibrator into
the delay circult and interaction between cireunit time constants
which seriously modified the delay oubtput wave form. The delay
tube output was therelfore coupled out through a cathode follower,
Figure 6, into the one shot multivibraetors, Figure 7. |
The first 6AC7(T}) is normally conducting since its cszthode

tied directly to ground. To is normally below cutoff. The
necessary bias for this conditlion is provided by the voltage
divider made up of the 150 K and 12 X resistors. The grid of Ty,
since it 1s connected to the plate of the reactence tube, tends
to be positive. OCrid current flow charges the effective capaci-

tence presented by vhw reactance tube, holding th

4

Tt oy .
grid of ¥4 ot

{
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ground potentisls & posibive pulse 1g applied from the %el;y
cathode follower through the coupling condemser to the grid of
Toe  Yhe multiv ibrator sction cazuses To to conduct and drives the
grid of Ty belzm thff. The charge accumulated in %h@}reabtance
tuﬁé capaCitance‘beginS to leak off thrcugh,thé»resistéf'ﬂlg

3.

ﬂue to uh¢§ leakage, the pot

ential at the grid of leapprd&cheg
bhat ®i the plete of Te at on exponential rate dete rmlnen by the

discharge path time constant. This time consbent 1s’a‘complex

bud

parsmeter, verisble with the resctance tube auvdio inpuﬁ ané_will
therefore be discusssed in conjunction with the reactance tube.
when the potential at the grid of T ralses this tubs above
cuboff, Tp is cut off, the reactance tube effective cepacitence
is sgain charged by grid curvent fliow and the action repeats.
he positive pulse oubput, teken from the grid of T, is differ-
entisted, the lesading edge pulse 1s c¢clipped, snd the pulse from
the trailing edge is Ted to & mixer tube where the individual
chesnmel outputs arve multiplexed.
The varishble time output is achleved by the multivibrator.

The wmaltivibretor l1s an adaptatlon of o radar circulit for pro-

ducing & movable range marker. In its original spplicatlon, the

delay was manually controlled by means of a variable 320 .wuf
capacitor in shunt with & 630 ¥ fixed resistance which determined
the time constant of the discharge peth between the grid of Ty

and the plate of Tg. This time constent controls the width of

'] o

the multivibretor oubtput pulse by controlling the time required

ct
l...n

for the 1d of T to rise sbove cutoff. In the present appli-

catlon, uhis time constant is caused to vary electronically at an

e o

auvdlo rate by means of a resctance tube, The circult is illus-
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trated in Pigure 7 in conjunction with the va ariable width malti-
vibrator. it may be classified s a iiller Eifect reactence

tube.“’a

acréés'bgth Gl end ﬁl' The slternating grld Vbltﬂu»

aerogs Iy Einee.the voltage across Ky leads thot‘éercssiéﬁe
,series combination of €3 and Ry and the grid voltage'bgs'mere
efféct‘upon the plate curvent than does the plate voltﬁsg' “the

The tube, thervefore, acts

e,
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plate current leasds the j

ect. Detwsen the

i

as an impedance with capacltive resctance eff

2a

input terminals, cathode and plate, the circuit appears a2s a
shunt combination of eapacitive resctance anc resistence., This

gireuit, or & variation thereof, may therefore be substitﬁte@

in place of the wmenually controlled reactance in the ori ginel

¢ the eircuit to produce the same resuil electron-

Heieh ghows that the maximum effectlive capscitance isg di-

ﬁectTv proportional to the vtransconductance and inversely pro-
4 .
portional to twice the sngular frequency.> This relationship:

brings several conaiderations to mind. Frimarily, since the

trensconductence is dependent upon the grid bias, the effsctive
capacitance, and hence the time constant of the discherge path

between grild snd plate of the multivibrator, can be varled by the

grid bviss. The grid bias is varied at an audio rate by the eudio

o ; 1 e 4 . -
= K, J, ideich, Theory and Appllcatlons of HEleectron Tubes.

Ko odwe Suith, The Hadiotron Desimmer's Handbook.

H. J, Heich, loc. cite.

o —



30

input to the reactance tube. Also, the inverse dependency of the
effective capscitance on the angular frequency will cause the
time constant of the dlscharge path to vary with the frequency of
the audio signal. Since both smplitude and frequency of the
eudio signal preduce effective capacitence variations in the
reactance tube and thereby vary the width of the multivibrator
output pulse, this method may be used to produce modulation by an
eudio signal on a pulse of radio frequency energye.

Also, the relationship indicates thet in order to provide a
large effective capacitance, it is necessary to use a tube with
high transconductance. However, the effective shunting resistance
varies lnversely with the transconductance« This causes an op-
posing effect in the time constent since an inerease in trans-
conductance increases the effective capaclitance and decreases the
shunt resistance. The net result is a smaller change in time
constant than would otherwise be available. This may be construed
as an advantage or a disadvantage, depending upor the sensitivity
of the detectlion system.

Another consideration based on this relatlionship 1s the
allowable audio frequency variation. It is, of course, necessary
to provide an amplitude limiter between the sudio source and the
reactance tube to remove the peasks which would cause objection-
able carry-over and possible cross talk between pulses.

However, the fldelity requirement must be compromised if
true unit efficiency is to be achieved. Transmission of a 50
cycle andio signal will cause twice as much effective capacitance
to be presented to the time constant eireuit as a 100 cyele sig-

nal or four times as much as a 200 cycle signel. OUbviously, a



1imit must be set on the low frequency reprofuctlon if the best
use is to be made of the availeble tiwe spacse. This 1im1t§'of
conrse, wowld be varlisble dependent on the type of intelligence

to be trenswitted. & 50 cyele tons is of no advantage in;gpeech

&\3
TJJ

tronsmission, yet is highly desirsble if music is

The swltivibrator pulse width, controlled bw thc electfon-

211

ically veried time constant, will change at an audio rat AL
this point, pulse widih wodulation has been achi ered. ,?is ulse

~
*

width modulated output may be coanverted to pulse time modul bio
by differventietion and clipping. Actually, the t?aillté €ﬂ“b of
the mualtivibrator ocutput carries the majority of the modulation,
J J s

since the leading edge is constant in time. Howsver, some modu-

ey
ot
;J
&

lation is apparent on the bop o output pulse. The vitth
modulated output is differeniisted and the pulse from the trail-
ing edge, & unegative pulse, is used sz time modulated pulse

A double=-diode clipper circult removes the positive pulse as well

kel

ag the objectioneble modulation on the top of the negative pulse.
This system therefore provides a pulse variable directly in time
in accovdance with zn audio modulsting voltage applied to the
reactanecs tube input terminals.

time modulated pulses from ecach chawnel are multiplexed
in a mixing stsge and then fed to 2 csthode T il er for proper
matching to HG8/U cosxzial transmission linc., These cirveuits are

iliustraeted in Figure 8.



PART 4 - UTILIZATIOW

The purpose of this lnvest¢bmt¢om is to conduct a p?&lh
nary study of the advantages of pulse technique appliadito vire
communi¢ation‘ The irmediate sim of the projeet, Subqeqqent to
necéséafy»pfeiiminary research, has been the canutructlon oP a
wofking'madal. The working model is to Boﬂalst af the +rﬁ35m1+—
ter, ﬁeréin described, interconmectlng coaxial cable, ﬁud_a de-
ccdef or receiver for each channel. ©One of the basic raqﬁiref
ﬁentsvbf the unit is that it lends ltself readily to testing fér
fidelity, requir@ﬁ bendwidth, cross talk, signal-noise ratio, and
other pertlnmﬂt transmigsion characteristics. Each of the char=-
scteristics is to be considered from the viewpoint of obtaining
the meximus possible transfer of intelligence in a given frequen-
¢y spectrum.

A unit designed for a comprehensive testing procedure must
necessarily contain many variasble parameters. This unit has been
designed to provide a workable pulse time multiplex system where-
in all practicable parameters are variable within limits., The
delay, or gusrd time, between chammels is independently variable.
Both the amplitude and the shape of the modulated pulse are vari-
able. The repetition rete of is pulse is also easily mede
variable. The unit will thevefore readily lend 1tself to a com-

prehensive testing program to determine the optimum pulse shape,

]

ft
a

repetition rate, and number of chamnsls for & specif transmis-

»

sion requirement utilizing the pulse time scheme. Also, 1f the
output of the modulated wultivibrator is not differentlsted and
clipped before mixing, a simllar study might be conducted into

the posaibilities of pulse width multiplex, since the pulse is



originally width.moéulated snd then converted to a2 bime modulsted
pulse. Uther types of pulse multiplex may be teste d,with‘ light
mcéific ation of the present unit.
The transmltter bes been tested on one chanhél.' gzélfeet of
/U coqxi@l cable has been lald between test bench iﬁ rboms
406 and'éoi of the Engineering Building. A fleld phone system
was_? stalled along with the coaxial cable to pormit rapld com=
‘LHan ation during teﬂts. This test was nob comprehenslve‘ana was
therded only to prove the workabllity of the s"“tem.“Both avdio

generatQﬁ in ut -and one voice channel were impressed and a satlis-

factory reproduction was obtained. Effort has therefore been

dix ted to the constructicn of & satisfactory three chanﬂel
decoder.

 As » result of informstion geined through the design of this

unit, = more simple transmitter is considered practical, The
present system opefaﬁes with 2 required transmitter compleﬁent of
eight tubes per channel including the marker generator. In the

more recently conceived system, this reguirement would be reduced
to approximately three and one-half tubes per channel, ineluding.
the marker generator. This Tlgure compares favorably with infor-
metion availsble on current models utilizing special purpose
maltiplexing tubes, developed for commereial explmitation.l The

s

existing system has proved that it will lend itself to many and

4kl

Field of pulse communicatlon.

s’

varied studies in the
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AFPENDIX

OUsclllator-Buffer Amplifier
Overdriven Amplifier

R-C Fesker-Pulse Amplifier
Delay Tube, Cathode Follower
lodulated Hultivibrator
Clipper, Cathode Follower
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