v OOMMUNIGQIdNS AND RELATED PROJECTS

This project was begun in November 1945 in an attempt to determine the system
or systems of modulation that glve most efficient utilization of spectrum and power
Although it might be thought that the age of this general problem would mean that all
of its complexities had been unraveled, such is not th: cage by any means VWar-time
developments in circuits and war~martured viewpoints have caused many changes in those
commnication techniques accepted as stendard and, it is believed can cause even more
The use of microwaves for the relsying of television or of many voice circults or of
meter readings has brought with it many new problems as well as a distinct reluctance
to accept the old anewers as the final ones Further there has been a distinct feel-
ing that some communication systems have grown by the compounding of a series of hasty
development projects, each aimed at solving a particular problem in the most expeditious
way rather than by planned fundamental research Accordingly it was planned to combine
a general fundamental study of the communication process with several detailed studies
of problems wvhich it was believed, were worthy of detalled fundamental analysis The
detailed problems first selected for study were those associated with the Pound stabilized
microwave oscillator This study resulted in a progrem which, as will be seen, has con-
tinued ever since As the general analysis proceeded, specific problems accumlated in
connection with it and these problems have been studied to the limit of available man
power

The general communication problem mgy be readily resolved into a study of the
effects of various types of noise and interference on communications system Types of
noise and interference considered are thermal or Pwhite” noise impulse noise, adjacent
channel interference, common channel interference and that special type of common channel
interference known as multipath interference The effects of these types of noise and
interference on amplitude-modulated signale are moderately well kmown but theory and
experiment are rather inconclusive in the realms of frequency and pulse modulatiom, where
exact theories have rarely been published and experiments have rarely been duplicated
Accordingly, prime consideration has been given to the various types of pulse and frequency
modulation, Detailed problems considered have been analyses of the moduletion and demodu-
lation process studies of the fundamental characteristics of thermal and impulse noise,
and the response of ideal and actual receivers to the latter experimental and theoretical
studies of the FM receiver discriminator and limiter system studies of pulse modulation
components and the analogue analysis of multipath transmission In addition to these
problems, all concerned basically with the interaction of signal and noise or interference
the Pound oscillator has been analysed in detail its modulation problems considered and
ite improvement attained Detailed discussions of all of these projects follow

A  MODULATION STUDIES  SPECTRUM UTILIZATION EFFICIENCY OF POWER UTILIZATION
SIGNAL-TO-NOISE RATIOS

1 General Analysis of the Transmigsion of Information
Staff ¥ G Tuller
Analyses made in the past have arrived at the conclusion that the quantity of
information that may be transmitted over a given bandwidth in a given period of time
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is limi.ted.]"2 These sanalyses have been studied here in some detail, and it has been

shown that they apply to conventional systems of modulation It has also been shown
however that coding systems may be devised which have the property of apparently com-
pregsing the information 8o that in the limit an infinite amount of information may
be transmitted in zero time and zero bandwidth To show this it need only be
shown that one point, determined to infinite accuracy conveys an infinite amount
of information, and that a point may be determined to infinite accuracy in zero
time if the transmission characteristics of the system are exactly known and no
noise is wresent A theoretical limit is reached in that the point may be determined
only to within a quantityh vwhere h is Planck'!s constant but this fact is of negli-
glble importance and hes no bearing on the "unit of information" defined by Gabor

The clue to the practical resolution of the situstion described above lies
in the statement that no noise is present Once thermal noise or other interference,
is allowed, a limit does exist and an expression may be written relating the power
bandwidth, noise, and time of transmission of a system This expression is

BT log,(1 + S/N) = constent

where B is bandwidth, T time during which the system is available S signal strength,
and N noise ei:rength‘3 The full implications of this exovression are now being studied

In the course of this general work much specific theoretical work has been
done on the analysis of various systems of modulation Some of the details of this
work have been published in a technical report4 Others will be published in technical
revorte now beins written These include analyses of the signal versus noise behavior
of coded transmission systems and of pulse time modulation systems

2 Pulse Modulation Studies

Staff W G Tuller
E R Kretzmer

As was mentioned above, the recently amnounced systems of pulse modulation

gtill have many unsolved problems worthy of considerable research In an effort to
consider some of these problems as well as to gailn better insight into the fundamentals

of operation of pulse modulation systems modulatores and demodulators have been constructed
for pulse amplitude modulation, pulse duration modulation and pulse pos.tion modulation
These units have not been constructed in any attempt to develop commercial or near-com-
mercisl equipment, but to make available laboratory apperatus with which to investigate
system and component problems The pulse amplitude and pulse duration systems have been
considered in previous progress reports and will not be gone into in detail here since

1 R V L Hartley, "Transmission of Information", B ST J , 7, 535, (1928)

2 D Gabor, "Theory of Communication", IEE (London), 93 Pt III, No 26
429 (1946)

3 Similar expressions, it has recently been publicly announced, have been derived
independently by Professor N Wliener of the MIT Mathematics Department and
Dr C Shannon of the Bell Telephone Laboratories

4 W G Tuller, "Distortion in FM Discriminators", RLE Technicul Report No 1,
March 8 1948

-56-~



1ittle work has been done on them recently Considerable time, however has been put
into the pulse position modulation system, as the most efficient of the pulse modulation
family A description of this apparatus and some of the theoretical work done follows

! e Practicel System Study
Degcription of System This study is concerned with the prodlems and performance of a

milti-channel pulse position (PPM) modulation system The system, in its present state,
consists of the following major components as shown in Fig 1

PPM
PPM \ DECODER
PULSE GENERA (WITH AMPLIFIER
TOR AND SPEAKER)
/ NARROW BAND
I-F STRIP
RF VARIABLE | /
PULSER ATTENUATOR
WIDE BAND
| F STRIP

Figure 1 Over-all diagram of system
(1) 10-Kc pulse-position modulation pulse generator designed to produce a train
of channel pulses, all of which can be independently position-modulated by different audio
signals (Fig 2) 1In the actual generator however pulse-forming equipment was bullt for
only one time channel which can be switched to any one of the ten channel positions One
of these can be moved continuously through the entire time range of the repetition period
This offers a possibility of measuring interchannel crosstalk under various conditions
Each synchronizing sigznal consiste of three pulsesseparated by certain fixed
time intervals This method of coding the synchronizing information affords a means pf

BASE PHASE  SPLITTER
prf Il PHASES OUT
OSCILL ATOR (10 FIXED,
| VARIABLE ) OURCE OF
MODUL ATING
EREREXERREK) SIGNAL
PHASE FOR PHASE FOR
SYNGCH MOD )
CHANNEL CHANNEL
IN USE
f POSITION -
MODULATED
PULSE FORMER
OUTPUT |
PULSER [~
TRIPLE PULSE
| | PuLse CODER
FORMER FOR SYNCH SIGNAL|
(DELAY LINES)

Figure 2 Block diagram for pulse-position modulation generator
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@istinguishing between it and the channel pulses as well as noise pulses

The component of principal interest in the generator is the position modula-
tor, which was investigated in considerable detall in order to arrive at a simple circuit
with good linearity (An audio oscillator or the output of a broddcast receiver serves
as a source of modulation )

The output stage of the unit is a biased blocking oscillator-type pulser,
vhich puts out all pulses at a low voltage low-impedance level and with a duration of
exactly one microsecond as determined by a delsy line

(2) A pulse-position modulation decoder similarly designed for ten channels but
with detecting equipment built for only one (any one) of the ten channels (See Fig 3)
This unit firet limits the incoming pulses 80 as to minimize the effect of noise and
then recovers the andio signal by either of two schemes In the first scheme a trigger

DELAY LINE
COINCIDENGE REACTANCE TUBE
VIDEO_ | VDE&;"'P IR vl PP COMPARATOR - CONTROLLED
INPUT | | \MITER T (PASSES ON (GENERATES LOCAL prt
Ly GODED CONTROL SIGNAL} OSCILLATOR
PULSES)
AFPC SYSTEM
¥ | o [PuLse B
“— FORMER [
L o
<PHASE SPLITTER
: !l PHASES OUT
y Y <Jtio Fixeo
<] 1 VARIABLE)
-y
PULSE | h
FORMER |+ -
COINGIDENGE |—»~ )
> DEMODULATOR
LOW PASS SPEAKER OR
FILTER AND OTHER
i ~—> -
DIRECT | AMPLIFIER EQUIPMENT
SYNCH Y ! TRIGGER N
T POM >
g DEMODULATOR

Figure 3 Block diagram for pulse-position modulation decoder

circuit is used to produce duration-modulated pulses, the two edges of which are formed
by synchronizing and channel pulses respectively Since duration-modulated pulses
contain the signal directly, it is necessary only to remove the pulse frequency com-
ponents The second scheme uses a coincidence method of detection which yields the
signal together with a relatively small component in the pulse repetition frequency

A novel method of synchronization is used with the coincidence scheme of
decoding, while the other scheme can make use of either this or the conventional method
of synchronization 1In the case of the conventional method, the time reference in the
receiver is established directly by incoming synchronigzing pulses .Jhe more novel method
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vhich has been sucessfully used in television receiverel, makes use of an automatic
frequency-phase control (AFPC) system The wave used for synchronization is derived only
indirectly from the gynchronizing pulses and has a certain amount of "flywheel
momentum”, which tends to make the all-important receiver synchronization more reli-
able in the presence of noise

The unit can easily be switched back hnd forth between the various demodula-
tion and synchronization schemes for direct comparison through the output loud-speaker
or other detecting devices

The input video pulses to the unit may be obtained either directly from the
generator described above (1), or by way of r-f pulses with the equipment described in
the following paragraphs

(3) A radio-freguency oscillator to be pulsed by the generator described under
(1) This is simply a MK-3 test pulser modified for present purposes to be pulsed by
externally supplied pulses at either around 30 or around 60 Mc

(4) An adjustsble coaxial attemuator, which although usually used in microwave
worl 1is guitable for insertion between the output of the pulsed oscillator (3) and the
i-f amplifier strips (5)

(6) DTwo i-f amplifier strips, designed for 30 and 60 Mc respectively, with respective
bandwidths of about 2 and 10 M¢ Either one of these is fed with r-f pulses (see (4))
wvhich after amplification, are enveloped-detected in the last stage and may then
be supplied to the decoder (2)

General Attack The purpose of this equipment is to investigate the problems and character-
istics of the system and compare the latter with the expected results The problems are
mostly those encountered in connection with the operation of circult components, while the
characteristics include susceptibility to noise, crosstalk interference, and so forth

Ihe method of attack has been to set up the system trace through it systemati-
cally from the input of the transmitter to the output of the receiver and optimize the
performance of each stage or component in its turn

stem Components Problems Encountered Certain erucial system components which
required closer investigation will be briefly discussed The position modulator mentioned
under (1) must be reasonably linear over the modulation range produce pulses of low
"jitter"” and rise time to minimize noise have uniform frequency response, and the quies-
cent or average pulse position should have little dependence on supply voltages The
circuit used is essentially a regenerative overdriven amplifier operating on the linear
slope of the input sine wave and avoiding the use of RC coupling The cutput pulser of
(1) mast supply pulses of duration independent of the characteristics of the driving
pulses and furthermore it must be capable of supplying pulses in rapid suceession The

1 A Wright "Automatic Frequency-Phase Control in TV Receivers" Tele-Tech § 74,
Feb 1947
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biased blocking oscillator using a delay line to cut the pulees short of their natural
duration was found to perform well, provided a relatively high-impedance pulse trans-
former is used

The limiter originally devised for the video portion of the receiving equip-
ment (2) made use of two type IN-34 crystals but it now consists merely of two suitably
biased amplifying pentodes The vroblem is that of taking a thin slice out of the middle
of a pulse Crystals are admrably suited for this purpose when the slicing level coin-
cides with the average value of the wave, e g in the case of an FM carrier In the pulse
application troubles due to d-c components have been encountered and the optimum
limiter design is still oven to question

The first demodulation scheme (2) uses a conventional trigger circuit followed
by a low-pass filter which must be nearly flat up to 3 5 ke and have at least 80 db
attenuation at the pulse repetition frequency of 10 k¢ A constant-k two-section
7w filter in cascade with a bridge-T rejection network was found satisfactory

The second demodulation scheme (2) uses two coincidence tubes in a balanced
circuit one having more coincidence and hence more output for "forward" modulation and
the other likewise for "backward" modulation Careful adjustments of pulse durations
spacings and shaves were found necessary to reduce distortion to near the level encoun-
tered in the first demodulation scheme Advantage can be taken of the balanced output
from the coincidence tubes by having it drive a pushpull amplifier so that the pr f
component is largely balanced out Unbalance resulting from relative drift between
the wulses compared in the coincidence tubes results in a d-c component which is indicated
on a meter for easy balancing adjustment Apart from these advantages the "double
coincidence” method is expected to show a 3-db signel-to-noise improvement over other
methods while the signal level is raised 6 db the noise voltage should rise only 3 db
if the noise components riding on the two edges of the channel pulse are independent

Synchronization has undoubtedly presented the biggest single circult problem
The conventional method of synchronization (2) presents no problem in the absence of
noise but this is not true of the automatic control synchronization system mentioned
under (2) While it was possible to obtain apparently satisfactory performance at the
expengse of much time the desired flywheel effect is apparently not attained, and the
behavior of the system under certain conditions is not thoroughly understood While
there is little doubt that an sutomatic frequency and phase control system of synchroni-
zation offers definite adventeges it is now believed that the varticular method of con-
trol used is impractical and should be replaced by one of the methods used in televisionl
The latter method is analogous to a vulsed sarvoz receiving its error signal at regularly
spaced intervals, while in the automatic system used here the error pulses are irregu-
larly spaced with a certain degree of randomness Like the coincidence demodulation
gcheme, the method is based on coincidence between received and locally generated

1 A VWright, loc cit
2 W Hurewicz "On Servos with Pulsed Error Data", RL Report 721 (April 26 1945)
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pulses an error signal being produced each time a partial coincidence occurs An investi-
gation of the new methods used in television receivers is now under way

The radio-frequency portion of the system consisting of pulsed-oscillator
attenuator and i-f amplifier strip serves to make the system more realistic for the pur-
pose of measurements In particular it affords a simple method of imtroducing random
noise into the transmission path sinece the pulses fed to the i-f striv can be made com-
parsble in amplitude to the thermal noise generated in the first stage, While the 30-c
narrow-band i-f strip performed satisfactorily the 60-Hc wide-band i-f striv has not yet
given satisfactory results because of equivment difficulties

Qualitative Measurements Only rough qualitative apvraisals of over-all performance have
been made These will be briefly discussed

(1) Distoriion With speech or music for modulation, average "broadcast receiver
quality" was obtained with both methods of demodulation Fidelity with the trigger method
of decoding is particularly good, since it depends only on the linearity of the modulator
and the spurious components inherently associated with duration-modulated pulses
[see Sec b. Theoretical Work] While the coincidence method of decoding has unnotice-~
ably higher distortion with optimum adjustments the non-linear distortion becomes
noticeable when the vulses reaching the coincidence circuit devart from the ovtimum shape
and duration (This condition could possibly be remedied by insertion of a triggered
pulser of the type used in the generator output ) Furthermore, with the coincidence
scheme used here the maximum total time swing in pulse position is limited to one pulse
duration Yo such limitation exists with the other method where linearity in the
modulator is the limiting factor Disregarding distortion a limit to the degree of
modulation is obviously set by the channel spacing From the preceding it may be con-
cluded that the trigger scheme of demodulation is siperior to the basic coincldence
scheme vhere high fidelity is a requirement

{2) Noise With the pulse generator (1) feeding the decoder (2) directly (by-pass=
ing the r-f portion of the system) output noise/sigaal is negligible with normal degree
of modulation Initially considerable trouble was had with 60-cycle noise which was
subsequently sufficiently reduced

When the r-f gystem is inserted with narrow-or wide-band i-f strip virtu-

ally identical results can be obtained when the pulses supplied are large compared to
thermal noise generated Thermal noise quickly becomes percevtible when the pulses are
reduced in amplitude relative to the noise As expected the effect 1s worse with the
narrow-band amplifier since the vulse edges are less steep and thus more susceptible
to time modulation by noise The point where the signsl is almost completely masked by
noise 1s reached when the average noise level anpears to be somewhat below one-half
the pulse peaks at the output of the i-f strip (The corresvonding observation for the
wide-band i-f strip has not as yet been made ) It was found that at about the same
point, the automatic synchronization fails The trigger system of demodulation fails
at a considerably lower noise level On the other hard a comnarison in the working
range shows considerably more hiss noise with either demodul~tion scheme combined with
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automatic synchronization than in the trigger scheme with direct synchronization This
must therefore be attributed to poor verformance of the automatic control synchroniza-
tion Thig is born out by the fact that the hiss noise has a peak at one frequency
This noise 1s further found to depend on adjustments of limiter and other components
The trigger scheme is subject to a characteristic objectionsl popping noise, as the
breakaing pointis approached

Evidently a better synchronization circuit should be of vrimery concern
both to imorove the system verformance and to make quantitative noise measurements
possible

b Theoretical Work - Farmonic Analyses

A paper entitled "Distorion in Pulse-Duration Modulation" previously mentioned
in the Progress Report of October 15 1946, has since been accepted for vublicatlon in
the IRE Proceedings The distortion inherent in pulse duration modulation is found as a
function of modulation index end maximum signal-to-pulse frequency ratio The results
sre also applicable to mulse position modulation if one uses the trigger scheme of con-~
verting position modulation to duration modulation in the receiver (see above) TFor this
and most other applications inherent distortion is found to be at most a few per cent
provided the pulse repetition frequency is at least twice the highest modulation frequency

An analysie of a step-spproximeted wave (sampling at regular intervals) has
been made and vresented in Technical Report No 12 It is found that a good approxima-
tion to the actual wave is contained in the stewped wave oo long as the sampling fre-
quency is at least twice the signal frequency Besides having direct application to
pulse amplitude modulation and certain other systems where sampling is used the results
are useful in certain general theoretical analyses

3 Proverties of Random Noise
Staff G E Duvall
The purpose of research being done under this program is to determine theoreti-

cally end experimentally the effects of transit time on shot noise in tubes used in com-
munication networks Experimental work, according to present plans, will be done using
gecale models" having relatively large transit times This will allow the work to be
done at low frequencies, so that the complicating effects of lead inductance and stray
capacity will be minimized It is hoped that the information obtained in the process of
these investigations will give a better insight into the significance and the effects
of transit time in tube operations of 211 kinds and that it will aid in the design and
developnent of lower noise tubes for high frequency operation

In the execution of these plans a large scale diode haa been constructed and
preparations are under way to mezsure the noige generated by *his diode under various
operating conditions

The spectrum of the noise from a temperature<limited parallel-plane diode has
been calculated and 1s shown in Fig 4 The shape of the current pulse in the anode of
the diode due to an election traveling from cathode to anode is shown in Fig 5 It 1s
vrobable that these results anpear elsewhere bdut since thev have not been found in a

random perusal of the literature it seems worthwhile reproducing them here
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IV A 4 The Action of Limiters and Discriminators in ¥M Receivers in the Presence

of Noise

Staff W G Tuller
T P Cheatham Jr

Degcription of Project One of the most serious limitations of the present M eystem
of communications 1s the lack of an FM receiver which will closely realize the theoreti-
cal expectutions of the system In this resmect the correlation between the theoreti-
cal response of an idezl FM receiver to impulse noise and the respon e of the average
good FM commerci 1 receiver today is quite bed It is the main purvose of this study
to determine through analysis and exveriment the reasons why theory and practice differ
and if possible to resolve this difference It is obvious that this difference if
resolved, may point the way to improved commnications with frequency modulation
Status As previously reported, a theoretical analysis of impulse noise in an FM receiver
has been completed This snalysis has covered the following points

(1) A determination of the response of a Foster-Seeley discriminator to a
scuare-wave modulated carrier and to the transient resulting from the injection of a d-c
pulse of short time duration at the input of the receiver[has been made Expressions
have been derived for both the envelopne of the resulting transient and the instantane-
ous phase of the resultant signal vector for the case of the square-wave modulated
carrier inpat

(2) An expression for the fractional deviation of the instentaneous frequency
of the resultant transient signal vector has been derived from the expression for the
instantaneous vhase

(3) A mathemstical check has been made of the material vpresented by Messers
Bradley and Smith of the Philco Research Laboratories in their paver on "The Theory of
Impulse Noise in Ideal FM Receivers"l VWhere avplicadle this theory has been extended
and correlsted with results nreviously derived above

(d) Ex»erimentel work, using oscillographic methods,has been carried out
concurrently with the theoretical work outlined above The experimental setup used will
be deseribed later in this report

On the basis of the above analyeis and certain experimental data the follow-
ing conclusions have been re ched

(1) The output of a Foster~Seeley discriminator is very nearly zero in both
1ts transient and sterdy-state components for any type of amplitude-modulated wave
provided the carrier frecuency of the input wave is the same as the center frequency of
the discriminator

(2) The transient at the output of a diseriminator mathematically equivalent
to a Poster-Seeley that has been adjusted for optimum counling 1s proportional to the
bandwidth of the discriminator and inversely proportional to the damping coefficient

(3) The time constants of the output filters of the detector of a Foster-
Seeley discriminator must be balanced to within about 6 per cent if impulse noise is to be

1 Proc IRE 34 743 (1946)
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reduced to 50 db below maximm signal This belance is far less critical if a cathode-
driven discriminatorl is used in place of the conventional Foster-Seeley discriminator

(4) We agree with the Bradley and Smith divieion of impulse noise into two
basic types called "pops" and "clicks" and with their general conclusions

(6) The probability of the occurrence of a "click" or "pop" has been computed
for the following types of impulse noise

(a) Periodic impulse noise of constant amplitude

(b) Random impulse noise having & distribution avproximated by the
Gaussian error curve

(¢) Random impulse noise with sinusoidal amplitude distribution

(6) On the basis of the experessions and graph derived from (5) and with the addi-
tional provision that the capture time of the transient be small compared to the time con-
stant of the de-emphasis network it can be said that while the amplitude of a "click"
1g largely and that of a "pop" essentially indevendent of the original noise impulse,
the probability of the occurrence of a "pop" or "click" is however dependent upon the
original noise impulse and in particular is a function of the following parameters

(a) Peak noise~to-signal ratio

(b) Number of stages in receiver filter

(e¢) Over-all receiver half-bandwidth

(d) Instantaneous frequency deviation of the desired signal
at the time of the impulse

(e) P(s)ds (the probability that a noise impulse peak ampli-
tude will lie between s and s+As)

(7} The receiver must be accurately tuned and aligned if the inherent
advantages of frequency modulation in discrimination against noise are to be realized
The detuning of the receiver under the action of the transient signal must be minimized
or eliminated

(8) The theoretical effect of impulse noise of even the "pop" variety on a
program signal should be negligible

Since the theory indicates that the effect of impulse noise should be negligi-
ble within very broad limits of amplitude and duration attention has been shifted to a
detailed study and snalysis of limiters their functions and their effects on FM re-
ceiver performance This study has reached the point where 1t has been possible to
classify limiters into four general types

(1) "Slicer" limiters

(a) Center reference sub-type
(b) Peak reference sub-type
(2) Instantaneous amplitude control limiter

1 W G Tuller, TP Cheatham Jr "aAn AdJusteble Band-Width FM Discriminator",
RIE Tec:nical Report No 6 June 30, 1946
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(3) Zero crossing indicator limiters

(4) Limiters utilizing the oroperties of negative feedback of frequency-
modulated signels

The sub-division of the "glicer" type of limiter has been made because a
Fourier analysis shows distinct differences in the operation of the two sub-types

Experimental progress has been made on the design construction, and testing
of several specific limiter types The designs are gov rned by thg theoretical
results obtained in the study of the characteristice of impulse noise Particular
attention has been paid to emplitude variations (rise time of the transient envelope)
capture time and instantaneous frequency variations

The exverimental setup used in the work described above is shown in Fig 6
Its principal components are an AR range scope and a MK3 test pulser The A/R range
scove supplies both A sweeps and R sweeps An A sweep is a trace of the cathode ray
tube which starts simulteneously with a radio-frequency pulse from the radar trans-
mitter Disgtance or time is measured from the left edge of the trace increasing
with increased distance from the left edge An R gweep is defined as an expanded por-
tion of an A sweep The MK-3 test pulser was also designed during the war as a
special plece of test equipment In its original form it accepts a positive input pulse
which triggerstwo separate multivibrator circuits The outputs of the multivibrator
circuits are used to produce a positive or negative short and long d-c pulse and a
short and long pulse carrier at about 30 Mc For the purpose of this study it was
necessary to modify the MK-3 pulser for double triggering and for a carrier frequency of
4 to 5 Mc The output of the modified ME-3 test pulser is now a short d-c pulse (about
1 microsecond) and a square-wave modulated carrier each of which is initiated by a
separate trigger These triggerse are supplied for the A/R scope The pulsed carrier
always begins with the same r-f phase so0 individual cycles may be examined on the screen
of the scope The phase of the d-c pulse with respect to the carrier may be varied by
a control on the A/R scope making possible a study of the effect of relative phase

This method of transient study is extremely flexible in its application to
other noise and interference studies since the d-c pulse can be used to trigger other
interfering sources and the pulsed carrier can be amplitude or frequency-modulated as
desired Figure 7 is a block diagram of the equipment layout

In the course of the work deseribed above 1t was early discovered that any
study of limiters must be preceded by a study of discriminators since the discriminator
is in general, the device used to measure the outout of the limiter The mathematical
analysis of a typical discriminator circuit showed the possibility of constructing a
diseriminator whose bandwidth would be readily adjustable, but whose output versus
frequency characteristics would have a shave indevendent (in normalized coordinates) of
discriminator bandwidth This possibility was successfully investigated experimentally
with the detailed results given in RLE Technical Report No 6

This discriminator has proved to be an extremely useful laboratory tool and
it has been recently discovered during the current study of impulse noise that it is
less susceptible to impulss noise than the Foster-Seeley discriminator and that the
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balancing of its output filter time constents is less critical than in the usual case
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Figure 7 Block diagram of equipment

B STABILIZED OSCILLATOR PROBLENMS

Staff W C Galloway
P P Zaffarano

This vroject was originally launched to investigate the problems arising in the
use of stabilized microwave sources with the eventual alm of frequency modulating these
sources

Each of the stabilizing systems adanted by R V Pound to the microwave fre-
quency discriminators he developed has its advantages and di sqdvantagesl 23 A pre-
liminary investigation consisted of constructing models of both the direct-current and
the intermediate-~frequency stabilizer for comparison purvoses As expected the inter-
mediate-frequency system proved to be much more flexible have a higher loop gain and
lower background noise than its predecessor Surprisingly the more comvlex system also
required fewer readjustments for optimum operation at various frequencies The main dis-
advantage seemed to be the decrease in the range of frequencies over which one set of
adjustments produceﬁ satisfactory operation This problem and a possible method of

overcoming it will be discussed ls?ter in this report All further study was therefore

1 Vv Pound Y“An Improved Fre uenc; Stabilization System for Microwave Oscillators"
Rf- MIT Report 837 October 2%

2 R V, Pound, "An Electronic Frequency Stabilization stem for CW Microwave Oscilla-
Forsh “REr Report 815 October T 135 S

3 R V Pound "Electronic Frequency Stabilizetion of Microwave Oscillators" RSI 17
November 1946
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i-f amplifier above has not as yet been considered in detail As in most feedback net-~
works the criterion for stability is that the amplitude of the over-all open-circuit
gain be reduced to less than unity at the frequency at which the phase shift in the i-f
strip 18 90 degrees

The phase-sensitive detector was examined to see if any improvement could be
realized by using a full-wave detector rather than the half-wave type of circuit being usged
at the present All of the full-wave detectors tried had at least one of the following
disadvantages

(1) No improvement in conversion efficiency

(2) Poor phese characteristics due to increased interelectrode and wiring
capacitities

(3) Added circuit complexity

(4) Balanced output to ground rather than the desired unbalanced output

(5) Impractical because of interelectrode capacities
The only realizable advantage appeared to be indevendence of the amnlitude of the
reference sign>1 Thig advantage is to a large extent unimportant because the half-
wave detector is fairly insensitive to reference signal variations if the injection grid
ig driven from the grid limiting condition to cutoff Since the ripple frequency of
the detector has not been the limiting factor in the output filter design up to the
present time the increase in ripple frequency in the full-wave detector by a factor
of two was of diminished importence

The main factor which prevents the Pound discriminator from working over a
wide range without readjustments other than changing the reference cavity msy be seen
by reference to Fig 10 Energy is divided into two components at the magic T One
component goes directly to the detector erystal, the other reaches the detector crystal
by a path which differs in length from the direct path by twice the combined length
of the cavity and modulator erystal arme The phase relations of the two signals at
the detector crystal must be such as to produce amplitude modulation for proper
operation Because of the difference in path length {his phase relation is a
function of frequency Calculations show that even when the arm lemgths of the Pound
discriminator eircuit are reduced to the smallest practical values in 1% x %" waveguide
and used in the vicinity of 900 Mc/sec the expected frequency range of the discrimina-
tor is less than 150 Mc/sec This figure correlates quite well with the measured
frequency range of a Pound discriminator (Frequency range is taken as that range
causing the required phase relationship to vary over a range of 180 degrees } There
are secondary phase shift effects which occur in the portion of the waveguide carrying
r-f pidebands The magnitude of these effects has been calculated and shown to be
negligible in this circuit (The major effect is almost 2000 times greater )

Considerable improvement in frequency range masy be obtained by using what may
be called an "equal arm" discriminator The simplest configuration of this type is
obtained if the crystal detector and modulater erystal of Fig 10 are interchanged
Energy reflected from the reference cavity into the detector arr mey be made to travel
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Figure 10 3Block diagram of stabilizer with provision for con-
tinous plotting of discriminator characteristic

the same length of path as energy reflected as i-f sidebands from the modulator crystal
With this discriminator frequency ranges of the order of 1000 Mc with no adjustment
other than cavity tuning have been obtalned An analysis of the operation of the equal-arm
discriminator is now in progress. An important dissimilarity between Pound's and this
discriminator is noted In the equal-arm circuit, the. detector crystal operates
normally on a signal composed of a constant sideband level and varying carrier amplitude
This is analogous to overmodulation since the carrier is normally nearly zero Large
amounts of second harmonic power are generated at the crystal and must be rejected by the
i-f amplifier There is reason to believe that increased sensitivity may result from
this mode of operation

Studiee have been initiated on the operation of the stabilizer circuit when
the oscillator is frequency modulated The problem will be attacked by

(1) Determining the menner in which the discriminator characteristic as
determined by the reference cavity only controls distortion in the modulated outputb

(2) Determining the manner in which the i~f amplifier and phase-sensitive
detector affect the distortion in the modulated output
All studies will be done with the i~f system W G 'l‘u.llerl has analyzed distortion in
the output of a discriminator for a pure frequency-modulated input -

1 W G Tuller "Diastortion in FM Discriminators" RLE Tech Report No 1 March 8 1946
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A recently completed report entitled "Notes on the Pound Microwave Frequency
Stabiliger" is now being prepared for publication (RLE Technical Report No 31)

IV C MULTIPATH TRANSMISSION

Staff Professor L B Arguimbau
John Granlund

It has been long recogniged that the fading interference caused by transmission
over two or more paths is one of the chief limitations to long distance transmiesion of
speech and music This project has been set up to study such effects under controlled
laboratory conditions with various types of modulation

The arrangement of apparatus is indicated by Figs 1l and 12 The delay line
in the two-path amplifier is of the supersonic mercury variety used in radar equipment
It is terminated in 30-mc crystals which are very heavily damped by contact with the
mercury The delay is mechanically adjustable within narrow limits The total delay is
somewhat more than a half millisesond, which corresponds to a transmission path differ-
ence of slightly more than one hundred miles The reciprocal of the time delay is equal
to the period 0f a 1600-cycle note If a sinusoidal modulating signal of this frequency
or integral multiples of this frequency are used no distortion results because there is
an envelope phase shift of a whole number of revolutions It is of importance that the

_____ TWO_PATH AMPLIFIER __ _ F——————

r MPH DELAY LINE AMP :

LOUD
SPEAKER

[WiXER }—L 28me J‘%ML}

|
SIGNAL same |
GENERATOR | I |
| 5;(-; BEATING |
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AMP | l
RE ACTANGE
I o 7] [ J
\ e "L == _TRIANGULAR VOLTAGE GENERATOR
r nn 1
M—)‘TVV_——i 2 MINUTE |
| INTEGRATING |MULTIVIBRATOR
@ | luacun N
ose BATTERY | -,_- |

Figure 11 Block diagram of equipment for simlating
fading in long distance radio transmission

deley is 80 large that in general it causes a phase shift of the envelope as well as the
carrier

The equipment is capable of simulating the type of fading commonly experienced
over long distance radio tranasmission links The pass band of the two—path amplifier is
wide enough to pass a standard frequency signal 8o that the desired comparison between
frequency modulation and amplitude modulation may be made with the use of this box As
cen be seen from Fig 11, oscillographic studies of the dietortion produced by fading can
be obtained with sinusoidal modulation or speech and music m:y be used in listening tests

In amplitude-modulation fading serious distortion is noticed only during periods
wvhen the delayed and undelsyed carriers are within about 30 degrees of phase opposition
Under such conditions the carriers very nearly cancel and bad envelope distortion results
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Fig 13 It is not difficult to compute the positions and magnitudes of the small dis-
turbances in most caes Some waveforms are less easily hendled and depend upon receiver
charcteristics 1In epite of the agreement with earlier results there are indications
that freqaency modulation has certain adventages over amplitude modulation under
proper conditions

Incidental to the study of multipath transmission with amplitude modulation
and frequency modulation 1t is found that

(1) An amplitude-modulation link having a transmitter subject to incidental
frequency modulation may have very mach more distdrtion than a similar link having a
transmitter that is stabilized in frequency

(2) A frequency-modulation link which is subject to incidental amplitude
modulation is more distorted than one which does not have ampl}tude variations intro-

duced at some point

IV D VWIDEBAND AMPLIFIER STUDIES

Staff W G Tuller
E. H Montgomery Jr
M W VWhitaker Jr

The introduction of the various wideband systems of pulse modulation such
as pulse code modulation, has brought about a great need for amplifiers capable of
reasmebls gaine over extremely wide bands In the microwave region these requirements
are met by the travelling-wave amplifier tube but no equivalent to this device exists
at low frequencies At the suggestion of Profeesor H Wallman an amplifier circuit
has been built and tested which may be considered as a low frequency analogue of
the travelling-wave tube The circuit constructed is shown in simplified schematic
form in Fig 14 As can be geen from this figure the amplifier consists of three

-
Figure 14 Wideband video amplifier

amplifying tubes all 6AC7's, and an output cathode follower The tubes are effectively
connected in parallel by delay lines between grids of adjacent tubes and similar

delay lines between plates of adjacent tubes The signal may be considered as propagat-
ing slong the amplifier from left to right in the figure Suppose a negative pulse
excites the grid of Vl The plate of V. will be driven positive correspondingly The

1

negative grid pulse will then pass down the delsy line to the grid of Vz Similtaneous

with its arrival at the grid of Vz the positive pulse generated at the plate of Vl
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arrives at the plate of V,, where it is reinforced by an additional positive pulse of
equal magnitude generated by the amplifying action of V2 A similar action takes
place at VS so that at the plate of 73 a pulse exists with anproximately three times
the amplitude of the pulse at the plate of Vl The gain-bandwidth factor of an
amplifier of this type with n tubes is therefore ngm/O, where &y is the transconductance
of each tube of the chain, and C the sum of its input and output capacitances The
amplifier built in this manner has been found to operate substantially in accordance
with theory A similar device has been patented in England but, just as was true in
the early travelling-wave tubes the reflections from the ends or junction points of
the delay lines caused oscillations and had to be suppressed by extremely careful
matching Professor Wallman suggested that these delsy lines be made dissipative

as has been done in the most recent and most successful travelling-wave tubes This
procedure has been followed and has resulted in an amplifier that may be quite readily
adjusted so as to give no sign of oscillation The experimental model was not bullt
with any idea of exploiting the possibilities of this design to the limit and there-
fore has a pass band of only about 5 Mc Plans are now under way to build a gecond
unit to cover a eomewhat wider frequency range

IV E RESPONSE OF NETWORKS TO FREQUENCY TRANSIENTS

Staff DProfessor E A Guillemin
D M Powers

Introduction The response of networks to a carrier with amplitude changes of many
different kinde but with constant freguency is a subject that has been handled numerous
times end is generally well understood However the response of networks to frequency
changes of a carrier with either a constent or a changing amplitude is not well known
and solutions have been attemnted only for certain special cases Since there are a
punber of systems in particular communications and broadcasting by frequency modula-
tion, that are vitally concerned with the response of networks to frequency changes
it has been thoughtimportant to develop theory or procedures for handling the problem
If possible, these means should be simple in order that they be conveniently applied
wherever necegsary

The program being followed has been to carry out a number of experiments in
parallel with theoretical work Then at appropriate points comparisons between theory
and experiment are made

Theoretical Approach In the case of the problem of amplitude transiente, a transforma-
tion from the time domain to the frequency domain is ueually made since in the latter
domain the response is simply the product of the excitatlon function and the response
function of the networks under consideration A second transformation is then made to
gain the derived time function of the response If transients of frequency are con-
sidered, it is found that in many ceses that of a frequency-modulated wave for example,
the transformation to the frequency domain leads to a spectrum having an infinite
number of components or at least a large number of important components This diffi-
culty could be avoided if the excitation and response as functions of time were related
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tn closed form They are so related by the superposition integral in terms of the im-

pulge reswonse of the network

If el(t) = gpplied time function
ez(t) = response time function
Ao(t -;) = response of the network to & unit
impulse applied at t = §
h(w) = system function of the network
then

ox®) = foy(3) a6 - D

00
vhere 8 (b %)= %Ejﬁ(w)dw QJu(t - )
The applied time function is regarded as a succession of elementery rectangular pulses of
duration 4§ The response of the networl to this impulse is found and the integral is
evaluated by summing all of the small responses and teking the limit as the pulse duration
aoproaches zero Another useful way of looking at the convolution of the functions
el(t) and Ao(t) is to regard Ao(t - %) as an aperture through which the el( ¥ ) curve
18 scanned

This is the method being used at present Other attacks some of which are found

in the literature,are also used where applicable

Experimentl Work To date two experiments have been made The object of the experiments
was to show the existence of the problem to provide data with which to comvare the theory
and to determine the best results obtaineble with latest circuits and techniques

The first experiment was to apply the output of a frequency-modulated signal
generator at a center frequency of one Mc/ gec to a one-stage single-tuned amplifier
having a 3-db bandwidth of 9 kc/sec or a Q of 111 at its center frequency of one Mc/sec:l
By varying the sweep frequency or the total frequency or both the average sweep velocity
was veried from 20 to 2600 Mc/ seca Figures 15a~d show the responge, and hence indicate
the exigtence of the problem at hand as well as provide one case to be checked with the
theory Both upsweep and downeweep are pictured, but in the cases shown, no adjustment
was made of the phage

The second experiment was undertaken to discover what effects would arise and
how good a system could be made when a square-wave frequency variation was applied to a
FM receiver A d-c square wave was applied to the grid of a reactance tube that varied
the frequency of a 30-Mc/sec oscillator The modulated signal was received either by a
standard FM receiver or by a laboratory receiver having two wideband limiters and a
cathode-follower type discriminator Figures 16a b ¢ show the various outpute from the
receivers The sweep velocity in all cases was 1000 Me/ soc”

\

1 W J Prantz "The Transmission of a Frequency-Modulated Wave Through a Network®
Proc IRE 34 114 March 1946
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