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RELIABILITY RESEARCH AND CODING CIRCUITRY

ABSTRACT

This report sumarizes work performed under the “Relia-
bility Research" and “Coding Circuitry" items of the contract
during the period from November 15, 1952 to February 15, 1993.
These items are primarily concerned with improving the overall
reliability of a future IFF system,

Theoretical consideration is given to various methods for
irproving system reliability; namely, the use of multichannel
transmission, redundancy coding to combat noise, and optimum-
filtering techniques. FProgress is reported on the construction
of a pulse~train correlator designed to lmprove the reliability
of IFF detection in the presence of pulse jamming. This in-
cludes related work on equipment to be used in the operational
testing of the correlator cnce it is completed. Also covered
is progress made in the development of a reliable trangistorised
shift register, and on a transistor-testing program,
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Parsonnel and Administration

1. Martin ¥W. Essigmann, Coordinator (two-fifths times Item I1, one-fifth
time Jtem Iil, enginesr)

2. Sse~Hou Chang (half-time engineer Item II from December 13, 1952)

3. Oeorge E. Pihl (one~-fifth time Item II, ons-tenth time Item I1II,
engineer)

L. John 8. Rochefort, liaison man (four-fifths time Item II1, one~fifth
time Item III, enginser)

S. Harold L. Stubbs (half-time mathematician Item II)

6. Thomas P. Cheatham, Jr, (one-fourth time engineer Item II from
Degember 15, 1952)

7. Walter H, Lob (full-time physicist Item II)

8, Louis J. Nardone (full-time engineer Item III)

9. Myron L. Bovarnick (full-time engineer Item 1I)

10. Jacob Wiren (four-fifths time engineer Item III to January 23, 1953;
full-time from January 2L, 1953)

1l. George W. Ogar (full-time sngineser Item II, December 15, 1952 through
December 19, 2952)

12, Walter Goddard (two-fifths time Item II, one~-fifth time Item 1II,
technician)

13, Mary D. Reynolds (two-fifths time Item II, one-fifth time Item IlI,

~ammad awer)
FvVviSvasry

Ui, Lawrence J. O'Connor (full-time couperative student assistant Item 11
through January 23, 1953; part-time assistant Item III from January
26, 1953)

1S. John J. Kelly (full-time cooperative student assistant Item II through
January 23, 1953)

16. Charles U. Knowles (part-time assistant Item III through January 2L,
19533 full-time cooperative student assistant Item 11 from January
26, 1953)

17. Robert H. Lawson (full-time cooperative student assistant Item II
from Janusry 26, 1953)

The engineering staff assigned to these items of work under the contract
wag increased during this report periocd by the addition on a part-time Lasis
of Dr. Sse-llou Chang, and Dr. Thomas P, Cheatham, Jr. Dz, Chang has been con-
tinuously employed on work under this contract since its establishment at
Northeastcrn, his other work being under Item I. Dr. Cheatham is presently a
nesesarch Fellow at Harvard University, where his current work is concerned
mainly with the statistical srproach to communications. FPrevious to his
association with Harverd, be served at M,1.T. and Boston University.

Work was begun during this report period under funds provided by Modifi-
cstion No, 10 to the contract. This modification authorized the beginning of
work on coding circuitry and transistors as applied to IFF, This work is
covered by Item 111 of the contract.

b, Communications

1, Correspondence

Listings of all non-expendable property received for use under this
contract have been sent to the Hesearch iccountable troperty Cfficer under the
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dates of November 30, 1952, December 31, 1952, and January 31, 1953.

= 2+ Conferences

—

December 15, 1952. Conference at AFCRC among k. Samson, C. Hobbs, B. Mills,
C. Ryan, W. Bishop, R. Wegner, and R. Bradbury all of AFCRC, and S. Chang,

M. kssigmann, J. Rochafort, L. Nardone, W, Lob, G. FPihl, and J. Wiren of North-
eastern,

R

The purpose of this conference was to obtain informaiion upon which work
under Item III (Coding Circuitry) was initiated. It was agreed that this work
would begin with the design, construction, and evaluation of a reliable shift
register. It was also agreed that the transistor-test program would be con-
tinued as a supporting part of the work under t'.s item. R. Wagner and
R. Bradbury were named as Project hkngineers for the ooding circuitry and tran-
sistor testing programs, respectively.

January 6, 195, Visit made by S. H. Chang, M. W. Essigmann, and J. S.
Rochefort to NDr. R. C. Hergenrother and A. S. Luftman of the Raytheon Manu-
facturing Corxpany.

' The purpose of this visit was to observe a demonstration of a storage
! tube being developed at Raytheon that may have application in the studies on
correlation methods currently carried on at Northeastern.

J. S, Rochefort, as liaison man betwsen AFCRC and Northeastern, has kept
| = in constant contact with AFCRC to fulfill this obligation. In addition, L.
Nardone, J. Wiren, and C. Knowles have made many visits tc AFCRC in order to
obtain information upon which to base work under Item III,

\ 3. Meetings Attended

December 27-30, 1952. Annual Meeting of the Institute of Mathematical
Statistios at Chicago, Illinois,

) He Lo Stu!;bl atteaded the sessions of this meeting to better inform the
Northeastern group of new developments in the field of statistics that may be
applicable to the communications problems being studied under Item II,

- -

G Statement of the Problem

Item II of the contract is concerred with the study of the communication
{ aspects of tha IFF problem with the aim to determine methods for improving the

performance reliability of IFF systems, The specific system assumed for the

B present studies is one in which an n-digit binary number is transmitted as a
challenge cover a single channel to a transpondor where the challenge is encoded
; into an r-digit reply. The reply is transmitted to the responsor, also over a

i single channel, where it is compaied with a localiy encoded version to determine
, whether or not it 1is correct.

3 SECRET
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The .present »* _.¢ are oongerned with methods for improving the irans-
mission »~> . vaiity of the ground-to-air and air-to-ground links of the

- ~“Lused aystems These twe links differ in that the correct reply is avail-

abls st the terminal of the air-to-ground link, thus providing the possibility
of applying prz:ahnt cross-corzelation techniques in the reception of the
coded reply. 88 powerful means must be resorted to at the airplane since no

orl inowledge as to the challenge can be assumed., Atmospherics, enesy
noise and pulse jamming, and enesy attempts at interrogation are being con~
sidered as factcrs which need to be combatted in devising sysisas to provide
improved transmission reliability.

The aspect of oryptographic seourity introduced by the presence of two
encoderd in the general system is not a part of the present problem. 7The
systea 18 assumed t0 be securs against an enemy who oan only listen,

Item III 4s concerned with practical aspects of the coding circuitry
involved in the system. Specifically the beginning work involves the design,
oonstruction, testing, and evaluation cf a reliable shift register employing
transistors for use in ths tvo encoders of the system desoribed above, The
Fresent state » transistor development is such that a transistor testing
progranm 1is nqairod in order that the necessary data be available for circuit-

design purposes,

de Methods of Attack

B The problem of reliability has been divided into two parts: system relia=
bility and equipment reliability. The former refers to the performance of the
system if all equipment operates perfectly, while the latter refers to the
performance of the equipment alone. System reliability has received =ajor
emphasis in the past because it has been felt that technljues for obtalning
the maximum system reliability should receive primary investigation. Once the
systea offering maximum reliability has been selected, then maj.r emphasis
should be placed on design and procurement of equipmsnt which will allow
maximum equipment reliability to be realited. Consequently, during this
report period, under Item II cou..ideration has been given to factors influence
ing system reliability and to design and construction of equipment for evalu-
ating oertain techniques for improving the reliability of systems. Under
Item III is included ihe wurk that can be appropriately classified as part of
the general problem of equipment reliability.

System Reliability

General Considerations

In approaching the problam of system reliability, the first step was to
enumerate the factors which might reduce reliability., They include "atmus-
pherics™ and receiver noise, inadequate space resolution, garbling and fruit,
as well as Jjamming and deception on the part cf the enermy. Since it appears
that interference by the enemy constitutes the major threat to reliable
operation, it has been given the most attention in the work done thus far,

The effects of enexmy interference by means of jamming can be minimized
s by either minimising the possibility that signal and jam will arrive
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simlu.noouc].y’at the receiver, or by insorporating euipment in the receiver
for improving signal detection in the presence of jamming. The possibility
of simultaneous reception of signal and jam can be redused by directional
ocommumication equipment, while signal deteotion in the presence of jamming
cen be improved by redundancy coding, filtering, and ocorrelation detection.

Directional comsmnication sould be achisved if airplanes as well as
ground stations wers equipped with narrow=beam antennas. For certain appli~-
cations (AIC for example) it has been suggested that airplanes oould be
required to spproash interrogators along oertain presoribed courses. A narrow-
beam antenna mounted in the nose of an airplane would be suffiocisnt and enemy
Jamming oould only be effective if the jammer were within the beam angls of
either ground station or airplane.

A general-purpose directional communication eystea would require a narrow-
beam rotating antenns on the airplane. This &;stem has been disoussed in
detail in a previous report »  However s the development of a light-weight
rotating antenna for airborne uss wo.ld require several years and is not within
the scope of thiy centracst. Consequently this typs of directional communication
system is no longer under active consideration.

A survey was initiated in the past to obtain factual data so that a com-
parison could be made between S and X-band frequencies. The survey was prima-
rily motivated by the necessily of light-weight squipmont fcr the rotating-
antenna system mentioned above. However, factual data from a study of this
type would be useful in determining the optimum operating frequency for any
IFF system. The eurvey included: (1) obtaining world-wide climatological
data, (2) obtaining data giving centimeter-wave attenuation as a function of
rainfall, and (3) determining the relation between equipment size and system
power requiremente at various wavelengths. In view of the magnitude and
specialised nature of a study of this type, the remainder of the survey will
be oarried out by the Propagation Laboratory of AFCRC,

Consideration of any commnication system (whether or not enemy jamming
is considered) gives rise to the question as %0 what type of signal is most
desirable. Froam the standpoint of moet effisient utilisation of bandwidth
it appears that the optimum signal is one with a Caussian amplitude distribu-
tion and a flat frequency spectrum, Consequently consideration is currently
being given to the use of noise~-like signals for communication purpoees. In
this report period a comparison has been made between single and multi-channel
transmission of such a signal in the presence of noise. From the practical
standpoint, however, the use of a pulse train as a signal is more desirable
at the present time in view of the state of the art in the development of
communication equipment. Consequently pulse trains will continue to be used
for challenges and replies in the system under consideration until a more
exhaustive study of the use of noiee-like signals indicates that a change is
definitely warranted.

The specific system under study is one in which an n-digit binary number
ie transmitted as a cnallenge tc the airborne transpondor where it is encoded
into an r-digit reply. Since any particular challenge or reply may contain

* Quarterly Frogress Report No. 2 dated Muy 31, 1952,
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anywhere from 1 to n, or 1 to r, pulses respectively, tihe power trane=itted
is not constapt from one challenge, or 1eply, tov the next. This is a dis-
advantage froam the standpoint of d:uiy oycle, errcr A2%iection, and threshold
setting for correlation dztection. 1t would be better for these purposes

if a fixed number of pulsc~s were used in challenges and replies. This could
be accczmlisned by the use =f an n-pulse challenge and an r-pulse reply if
«ac!, pulse had two rossible positions - one position to represent a onme and
the other to sFepresent a sero. Consequently it is suggested that the system
undsr study be one that meete these standards.

Since pulse trains are used for challenges and replies it has been con-
venient to divide jamming into two typest pulse jamming and noise jamming.
Of the %wo, pulse jamming appears V.0 be the more pernicicus because of its
resemblance to the signal. If a jamming pulse happens to coincide with a
gero-digit pogpition of the signa} then the "correct” pulse train cannot be
separated from the jamming pulse without a priori knowledge of the carrest
signal. The effects of noise jamming on the other hand can often be reduced
by filtering as discussed below.

If a directional communication system is not employed then asignal
detection in the presence of jamming oan be improved by redundancy coding,
correlation detection, and filtering. Several rethods which fall under the
heading of redundancy coding have been considered for combatting noise
Jarmeing, They include transmission of a number and its complement, the use
of additional digits for error detection and correction, restriction to a
specific number of pulses in a pulse train, and coding to match the channel
capacity as defined by Shannon.

Cross-correlation of pulse trains has been shown to provide an effeotive
means of overgoming the effects of pulse jawwmaing. This method can very well
be used at th® ground station of a ground-to-air IFF gystem, since the
correct reply is available there., A pulse-train correlator has been developed
for this purpose and is presently under construction. Cross-correlation could
also be used at the airplane if challenges were transmitted in a pre-arranged
sequence which could be duplicated at the airplane. This would require storage
at the airplane, and since storage appears to be undesirable other means are
being sought for improving the reliability of the ground-to-air link.

Optismum filters which sacrifice signal shape and merely indicate when
the signal cccurs have been shown to be the equivalent of croas-correlation.
In the presence of noise jamming, the impulse responee of such a filter
should be the backwards version of the signal waveform. Since storage at
the airplane is undesirable a different {ilter cannot be available to match
each possible pulse train., However it has been shown that soms iZprovement
in signal-to-noise ratio can be obtained if only one filter is used to
evaluate each pulse in the pulse train individually. Such a filter would
be matched to a single pulse and would be an asset at both the airplane and
the ground station. In order to verify and demonstirate the theory a matched

ilter has been constructed for 0.6-us video pulses. Data relative to
signal-to-noise ratio improvement will bs obtained during the next report
periOd.

When applying the above result in the deesign of a receiver, it appoars
that the proper place to make use of the matched-filter techniques is the
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i-f amplifier, Since ths second detector is inherently a non-linear device,
there is omnbh doubt thst small signals can be recoversd relisbly
from noise by any post-dstection means if the signal-to-noise ratio is less
than one at the input to the second detector. Consequently it appsars best
to maximise the signal-to-noise ratio befors detestion. A matched filter
for the i=f section is being developed and thes test program will include
predetestion filtering.

The blooX disgras of the proposed test set-up is shown in Fige 1. The
test equipment can be used to simulate either the ground-to-zir cr air-to-
ground link of an IFF szystem working in the presencs of pulse jamming, ncise=
modulated carrier jamming, and broad-bend noise jamming. Figure 1 illuatrates
the uge of tha test squipment to simulate the air-to~ground link of ths system
under study.

Multi=channeY Transmisaion

The question often arises as to what is the relative merit of sending a
signal through a single channel or through n channels., This question, in
general, scannot be answered in simple terms, becauss the transmisaion effi-
ociency of any systsm depends, among other things, upon the properties of ithe
eignai and nolse, and e threshold sffsct of the system., If the amnlitudes
of beth signal and nolse are of Gaussian distribution and if ths threshold
effect is discounted, then there is alwaye an increase in the average infore-
mation when the signal power is divided equally into n channels and when the
noise power in each channel remains ths same,

let x = signal to be received

y ® interfering noise

_xX

with p(x) = -73;-, e 22 3 a® @ mean power of signal
Vena
" _x;_
1 b
ply) = g o . 3 ©° » mean power of noise
Let zeX ¢y
53

then p(z) = 1 o 2la%ed?)

QZn(az* b=)

_ (z-x)%
1 2b

and py(z) = p(y = 2z = x) = 6

* The figures are included in the Appendix.
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The entropy of the source is given by

Ho(x) = - {: p(x)log p(x)dx

- {:p(x)log 7ne® dx ¢ {-p(x) 2—:25- dx

2
e logV2nra® « -3-2-

2a
= } log 2na’e

The information obtained about the source from a measurement of z = x ¢ y is
given by Hg(x) - Hy(x) where the conditional entropy

Hy(x) = = / p(2)dz / p,(x) log p,(x) dx.
Using Bayes! theorem,

Ix\ - p()() pX(z)
g Tz

x* - (z=x)® 22
2a*

2 2, 2
1 & 2b f———-;———zn(a‘bz) i 2(a%+ b?)

- _ai:_tf_ (x = T__‘z z)?
1 22°b* a‘+p*
- 2,2 c
2n : b‘
a“eb

and hence,

o 2,2
H (x) = fp(z)dz[% log 2—“?-373]
2 in a“+b

.2
-%.10g2_“.3b

e

We therefore find that the average amount of information received about the
signal from a measurement z 1s given by

2
By = dio(x) = Hy(x) = 3log (10 %)
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If we divide the signal power into n ohannels such that the probability Asnsity |
of sach channel becomess '

P

P(l)(1)° S 2%
e

then the total trsnsmitted information is

H
- N a®
%\n 51og(10_7;

It is observed that the average information as to what signal was transmitted
has been increased.

Let ri= %; and use the logarithm to the base 2, then
Hyy = % loga (1« ry) bite
Hip = 7 loga (1 ¢ .'ﬁi) bits

and Lim y =4 ri  bits

N

These are plotted as Fig, 2 in the Appendix,

An alternative view of the above analysis can be obtained by the use of
the formula of the channel capacity.” For a singls channel with btandwidth W,
and an average signal=to-noise power ratio ri, the capacity is

Cy = W, logg(l ¢ ri) bits/sec.
When the signal power is divided equally into n channels, the total capacity is
-
C, = n Wy loga(l » ;L)bit.a/uc.

The connection between the H,'s and tne C's is due to the fact that the chamnel
capecity is defined as the maximum rate of transmission. When both signal and
noise belong to random Gaussian processes having flat spectra up to Wy, the
maximum rate of transmission is 2w l;; which is equal to C,.

The acvantage of multiple-channel over single-channel transmission depends
upon how efficiently the ideal channel capacities are utiljted. In the case
of pulse-code modulation, to insure an error lese than 107>, a threshold value
of v3 * 100 {20 db) is needsd.? (This does not assume the use of matching

ilters). Any multiplexing which tends to make the ratio below this threshold
results in rapid loss of information.
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Redundancy Coding

One cf the methods which has been considered for cbtaining relisbls trans-
mission of pulse trains in the presence of noise is that of increasing the
length of each pulse train and utiliszing the resulting redundancy. The simpiest
procedures of this type are repetition of the complete pulse train and trans-
mission of the complament follow the number, Somewhat more complicated are
the codes devised by R. W. lHamming’ which prescribe procedures for detecting or
corrediing errors up to an assumsd maximum number, Still more complex, but
capable of achieving an arbitrarily small chance of error when the probab Y
distribution of the noise ig known, are codes based on information theory.*»
Some further considerations on this lattar method are given here to supplement
the discussiop in earlier reports.

It should be pointed ocut that the simpls model assumed in this analysis™
is strictly applicable only for videc transmission, since the assumption that
signal and noise are additive is not valid for the envelope of a carrier after
detection. For this latter case, the conditional probabilities, when a pulse
is transmitted, for correct or incorrect decision by a threshold device, should
be written

P11 = {?P(Y)@'

T
P1a = /[ p(y)dy

where y is the envelope of signal and noise combinsd, and T is the tihxreshold
level, Thus any further conclusions as tc the optimum value of T depend on
the relation between p(y) and p(N) where N is the envelope of noise alone,
Also it may be pointed out that the model of a monotonically decreasing p(N)
used in the earlier report would be applicable to the output of a square-lsm
detector, for which

N
2
p(N) '%70 20

rather than to that of a linear detector for which

- —x
p(N)ﬂ-&}%o 2

where @ is the r.m.s. valus of the noise before detection.,”™ For this latter
Rayleigh distribution, the choice of T which maximizes p,, ¢ pz» (i.e., the
sum of the conditional probabilities of correct decisions when a pulse is
precent or not present) can easily be caloulated if the additive assumption
is used. The following values were calculated for thres choices of & in
terns of S, the signal amplitude. P, and F, are the probabilities of

* See quarterly Progrese Report No. 2, dated May 31, 1952, pp. 8-11.
** cap pape 61 of reference 5.
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transmitting a pulu ulse in the ideal oode whish matches the channel

no p
ocpwity c, nndQ and Qu are the probabilities that pulse or no pulss will
be received, ' C is given in bite per symbol,

o T Pai Pia Ra1 Pas c Py Py Q
o58 1,105 .98 .02 W09 W91 W71 W52 U8 56 Wk
8 IOQLS .36 onl 30 «T0 025 052 ohe 059 0151
28 2,508 .76 24 L6 Sb 01 U 6 62 38

In caloulating C, P;, etc., from a given matrix [p;.] of conditional

probabﬂitiaa, certain auPliﬂ.cnt.iom can be made in th equations used pre-
viously and given on page L6 of reference lgnamely,

Pk-

b

hkt exp L-C 9;1 hgt ¢ 5.1 by, j-l Pg3j log p é] k*1,2,00e, D

IF, = 1
n

In the first place, 351 hy = 1 for all t, as a consequeinne of the facts that

n
) P1g =1 for all i, and that [hyy] is defined as the transpose of the
inverse (assumed to exist) of [piJ].

n
Since jEI Piy h!j =] if s=1i

= 0 otherwise,
n n
we obtain by addition j§1 pij aJ s ] where ay = eel bsj' But for
i1i=1, 2,..e, n these form a set of n independent linear equations in the n

quantities a;,«.sy 2, and hence there is exactly one simultaneous solution
since we have assumed that the determinant |p; é |#0. But a3 = ag = ce0e ™ -1

is obvicusly a solution of each equation, a.nd herefore it is the only solution.
Also, as shown on page 3=18 of reference 6, a simpler set of equations

n
can be cbtained for the Q, than for the Py, using the relation Q¢ = &y Py Pyge

This is equivalent to Pk = tzl ch'kt and comparison with the previous equations

n

n
for P, gives 3y = exp [- C « aél hge le Psj log psj] t = 1,2,e0e, N

Z -1
t-l%
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This leads to a simple explicit solution for Ci

n ," n n ]
C=log z expi I, Pt sk Poy 198 Pyy

Filtering

Since it is not desirable to store challanges at the airnlane, crosa-
correiation of the entire pulse-~train cannot be accomplished at the transpondore.
Howaver, since the challenga is lmown to consist of pulsss, cross—corrsliation
can be accomplished on a digit-by-digit basis. As such the correlator cannot
be used to determine if ths "correct™ pulse train has been recsived, but rather
its output can be used to determine which digit positions contained pulses,

It has been shown that digit-by-digit cross—-correlation can be accomplished
by matched filtering. The optimum filter for this purpose iz that fiiter whish
has an impulse response which looks like the tackwards version of the pulie
used to represent a one in the pulse train, If the pulss is represented bty
£(t) and has a duratIon &, then the output y(t) from such a filter in the
presence of noise n(t) is given by

m:l.n{t,&}
y(t) = of[a(t - x) +n(t - x)]s(é - x)dx

Previcusly it was shown that the above integral could be approximated by a
summation and the resulting expression could be interpreted in terms of a
tapped delay line, weighting networks, and an adding circuit,

The main diffiouly which would be encountered in practice in construct~-
inga filter of this type arises from the requirement of a mmltiple-tapped
delay line at the intermecdiate frequensy. The purpose of such a delsy line
would be to produce a train of equally spaced unit impulses whese amplitudes
would be attenuated in accordance with the weighting functions. The envelops
of the train of unit impulses would then be the backwards version of the i-f
pulse, Under the assumption that the envelope of the i-f pulse is rectangular,
it has been found that the multiple-tapped delay line can be replaced by a
high=q tank circuit as is shown in Fig. 3A.

If the unit impulse produced by a current source is applied to the input
of the filter of Fig. 3A, the tank circuit will be shocked into oscillation
and a damped cosinusoid will be produced at the output. After & seconds have
elapsed the unit impulse will emerge from the delay line and bs applied to
the tank circuit. The oscillation will be stopped by this second impuise if
the resonant frequency of the tank circuit is such that N ¢ 3 (where N is an
integer) cycles have been produced in the time § . If the § of the tank cir-
cuit iz sufficiently high the oscillation will be essentially undamped during
the t;}me d and the envelope of the pulse will be rectangular. A J multi-
plier! can be used ir place of the tank circuit if a sufficiently high Q
cannot be realized with standard components.

A filter of this type will give a maximum output for i-f pulses which

lock like the backwards version of its impulse response. However, it can
be considered to be the optimm fiitar for 2ry rectangular i-f pulse with a
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carrier frequancy equal to the resonant frequsncy of the tank circuit and a
pulse width of & seconds. Ary i-f pulse which mssis these specifications
will coinoide with the backwards version of the impulse response over at
least N cyclss and consequently will procduce a maximum output within

e percent of that odbtained with a matched pulse. (For example if a

pulse width of 0.6 us and an i~f of 30,8 moc are employed the peak output will
be within 2.7 percent of the theoretical maximm,) Design of a filter of
this type is in provess and construstion will probadbly commence during the

next report period.

If similar techniques are used for the gynthesis of an optimm filter
for video pulses, the multiple-tapped delay line can be replaced by a low-
pass filter in a netaork configuration of the type shown in Fig. 3B. When
a unit impulse is applied to the input of the filter an output which has
ths form of an expovential decay will be obtalned. After & seconds have
elapsed a negative impulse will emerge from the delay line and be applisd to
the input of the low-pass filter. The output will return to zero al this
time if the low-pass filter has a time constant which is long in comparison
with the delay time & . Consequently the impulse response of the filter
will be a ¢ ~seconds reoctangular pulse and the filter will be the optimm
one for similar video puls=ea,

An optimum filter of this type has been constructed for 0.6 ua video
pulses and is described under e. Apperatus and Equipment. During this
report period it has tested satisfactorily as s oorrelator for vidso pulses.
During the next report period the operation of the filter in the presence
of noise will be evaluated,

Coding Cirouitry

It vas suggested by AFCRC that work under Item III be begun with emphasis
placed on the design, construstion, developmesnt, and evaluation of a reliable
shift register for use in the encoder components of the overall IFF sysiem.
The fact that several of these are required, and some are involved in airbarne
equipment, makes it neocessary that weight be reduced to a minimum, lence, it
is desirable to consider the use of transistors instead of vecuum tubes for
such devices,

For the purpose of the intended application, the following speoifications
can be set: The input to the register will consist of l5-digit binary numbers,
each pulse having a width of O.1 to 0.3 us, and the pulses spaced by 1 us.
The register is to be arranged for eithsr serial or parallel read-in, and
either serial or parallel read-out. The loading at present is unspecified;
howevor, it will be necessary as the oircuit develops to investigate this
aspect since the registers in practice will be coaneoted to such devices as
matrix switches.

Figure L 1is a block diagram of such a system arranged for simplicity to
accomnodate a four-place pulse train, Further detalils cf the basisc logioc
oircuite used in the block diagram are given in Fig. 5. The heart of the unit
is the storage cell, and work to the present has been concentrated on a cir-
cuit following the schems of Fig. SA. In this storage cell, the delay is
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equal to the digit period; hence, the pulse is circulated (or stored) whenever
the second input to the "and-gate" is present, and stopped vhen it is not
present. The amplifisr presently being employed® is a regensrative ocne employ-
ing a Transistor Producte Type 2C transistor, with feedback provided through

an inductance in the base circuit, The delay line is a potted, lumped-constant,
line having a oharssteristis impedance of S00 chxs and a delay of 1 us. The
other cicuits shown are conventional, and have been fully described in the

nuratm.a’9’m

Experimental work to date has been concerned with the construction and
test of a single storage cell of the above type. Fifty transistors have been
procured and tested, and appear to have characteristics suitable far tials
application. Auxiliary specialized test equipment is required befcre cascaded
connections of such stages can be investigated, and this equipment is presently
in the process of construction. As soon as this stage of the work is completed,
it is intended that an eight-stage siorage register will be constructed ascord-
ing to the block diagram of Fig. 6. (For convenience, only four stages are
shown., )

Initial work on the circuit of Fige. 6 will make use of the basic logis
circuits of Fige. S. After this has been accomplished, studies will be begun
to determine the optim:m values of circuit constants and ratings, the usable
range of transistor characteristics, and other factors essential to high per=
formance reliability, An attempt will be made to meet the conflisting require-
ments of using a minimum number of components, yet allowing transistor intere
changeability,

The timing diagram of Fig. 7 explains the control and operation of the
shift register for serial read-in and parallel read-out, Waveform A represents
clock pulses spaced by one microsecond, and provides the basic timing for the
complete system, The signal assumed is shown in waveform 1, where the signals
are the solid pulses. The signal assumed here consists of numbers (or words)p
namely, 101l and 1101, The unshaded pulses are the stored puises which are
held in the first register until a new number i= inserted. Wgveform B is a
control waveform, there bLeing a pulse indicating eash digit position in the
number (regardless of whether it is a zero or a one). This waveform is used
&s the inhibiting pulse at the inhibitor block (see Fig. 5D), and prevents the
circulation of digits in the storage cells during the time of the number,
Waveform D is a contrecl signal used to accomplish parallel read-out. The wave-
forms for serial read-out and parallel read-in couid be similarly arrived at.

6. Apparatus and Equipment

Filter

Optimum filter. An optimum filter for video puises has been constructed
in order to experimentally verify the theory developed. The block diagram cf
Fige 3B indicates that the filter should consist of a phase inverter, delay
line, adding circuit, and low-pass filter. The actual circuit of the waridng
filter for 0.6-us pulses is shown in Fig. 8. Tube T, serves as phase inverter,

* The circuit is essentially the same as that suggested by AFCRC, and is
presently being used trere by J. Maironis,
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Ta is employed to drive the deiay line, und T3 arivss the combinztion adding
circuit and low-pass filtar.

Sinces ths theory cealls for & linear system, and sensitivity to the pulse-
repetition frequency is undesirables, the entire circuit is direct coupled.
The output of T3 is balanced at ground potentiel, and a feed-back loop is in-
cluded around the Ty - T; combination in order to improvs its stability, Tube
Ty, produces a gain of about 30 and the closed-loop gain between the input of
the optimim filter and the output of T, is slightly less than one, The delay
elemant consists of about a foot of Millsn 1350-ohm delay cable and is termi-
nated in its characteristic impedance. The ocutputl froam the delay line and
the input to the circuit are applied to the grids cf T3. The signal produced
at the junotion of the two 5.5-K resistors connected between the cathodes of
T3 would be proportional to the sum of the signals applied to the grids if the
output condenser were removed, As it is, the ocutput impedance at this junce
tion is about 3K, and consequently the introduction of the 0,002-uf condenser
creates a low-pass filter with a time constant of about 6 us. This time cone
stant is long enough, compared to the delay, to produce an impulse response
that is essentially rectangular.

The optimum filter has been excited by input pulses which varied between
Oe} and 5 us in &wation and its output has been in accordanse with correla~
tion theory. During the next rcpori pericd, ths filter will be excited by
pulses immersed in noise, and experimsntal results compared with thecretical
calsulations,

Some effort has been devoted to the design of an optimm filter for i-f
pulses, At the present time little difficultyisexpected with the design of
the tank cirouit (see Fig. 3A) since a Q multiplier can be constructed if the
Q of standard componente is not sufficiently high. Difficulty has been en-
countered, however, in the procurement of a suitable delay element for the
i-f band, Commercial delny cables are primarily developed for video pulses
and consequently have insufficient {requency response. Supersonic delsy
lines of the fused-quarte variety do not sppear to be suitable for delays
as short as 0.6 ;:s because of third-time-around ringing. Lumped-constant
delay lines appear to be feasible for the i-f band yet it is not felt that
a special design project is warranted at this time. Consequently, unless
another solution becomes apparent, the required delay will be obtained with
a reel of about LOO ft of RG62/U coaxial cable. After the i-f filter has
been constructed, and testing has indicated that it should be included in an
IFF system, the design of a lumped-constant delay line can be undertaken,

Pulse=Train Correlator

Correlator construction. In this report period the various component
circuits of the pulse~train correlator working model (discussed in detail
in the previous report) were constructed in breadbocard form and tested in-
dividually. The minor modifications that were found necessary are incorpo-
rated in the revised schematics of Figs. 9 and 10. The correlator is now in
the process of construction as a complete unit.

Pulse-jamrdng generator., Construction of the final model of the pulse-
jamming generator discussed in the two previous reports has been completed.
The shape of the output pulee is approximately the same as the shape of the
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individual output pulses provided by the pulse-train generator also discussed
in the two previous reports.

Low= neratar. A source of low=frequency pulses foi
in o train correlator has been construoted dur-
this report period. The pulse width iz of the order of ome millisecond,
the pulse repetition frequency is approximately 80 ppe. The output ampli-
is variable from O to 30 volts, and the output impedance is of the order
300 Oh-.

Hi3

The pulse is generated by an \nsymmetrical free-running multivibrator,
the output of which is shaped by a cathode-follower olipper. The cathode
return of the clipper stage is an attenuator from which the output prlse is
obtained,

Coding Circuitry

In order to properly check the operation of the snift register to be
constructed, certain pileces of test equipment will be required. Equipments
of this nature, that have been worked on to date, are discussed in the follow-
i.ng Bmiom.

Clock-pulse generator. A clock-pulse generator essentially the same as
one designed by Project whirlwind at M.I.T. has been constructed, and is
ready for operational checking. This generator will provide O.l-pus pulses,
of 0 to 35 volts amplitude, into a 93-ohm load, The frequency is continuously
variasble from 200 ko to S mo.

Signal generator. A signal generator for storage-cell testing has been
constructed and is presently being checked. It provides a series of four
O.l=us pulses spaced at i-pus intervals, at a repetition rate of 100 cps to
200 kco Simultaneously, a four-digit word, with the digit places controlled
by toggle switches, is generated, The output amplitude of both sets is
variable from approximately O to LO volts.

Constant-current source. A constant-current source has been constructed,
and ite operation checked. The unit consists of two independent supplies
built on the same chassis, one supplying positive current, and the other
negative ourreunt. The supplies have essentially the same component circuits
as the Transistor Produsts Model TSl Transtester. Measured regulation curves
are shown in Fig. 12, It is expected that this supply will also be useful
in the transistor-testing programe

Transistor Testing

During this report period the organisation of the transistor-testing
program has been completed, and measurements of the various large and smalle
signal parametc«rs have beer made for a large number of transistors of varying
manufacture. Table I of the Appendix gives specific details of the nusbers
tested.

A Transistor Products Model 701 Transtecster has been purchased for the
measurement of the usual small-signal parametersj namely, alpha (o) and the
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standard four-terminal network resistaices r,;, rys, rays and ra; for the
point-contact type, and the corresponding quantities for the junction typell,
This uuit has been used for both the point-contast and junction types of
transistors, as indicated in Table I,

The frequency-response characteristics of point-contact transistore are
determined by measuring o as a function of frequency, and defining the fre-
quency where alpha is 3 ddb below its value at 5 ke as the cut-off frequensy.
Large-signal testing is being used to provide values for rise tims, fall
time, and hole-storage (or turn-off time). The equipment used in making
these tests has been described in the previous report.

A square-wave generator useful for transistor testing and simiiar appii-
cations has been construsted during this report period. The schematis of
this device is shown a3 Fig. 12, It has been designed to provide a constant-
amplituds square-wave output, having a frequensy of either 500 cpe or 100 ko,
The rise and faili times are less than 0.05 us between the lO-percent and 90-
percent points, and the peak output amplitude is 15 volts into a load of 200
ohms, A S5-volt synchroaising pulse of either positive or negative polarity
is provided.

g Conclusions and Recormendaiiviis

Ae a result of the work of this report period it is concluded thats

l. If ihe amplitudes of both =ignal and noise are of Gaussian distribu-
tion, and if the threshold effect is discounted, there is always an increase
in the average information when the signal power is divided equally among n
channels and the noise power in each channel remains the same.

2. A channel transmitting binary digits has a capacity which depends
upon the signal-to-noise ratio and upon the characteristics of the system of
detection, Redundancy codes can be devised to permit reliable transmission
at a rate approximating the channel oapacity, but it appears that rate of
transmission should be sacrificed for simplicity of coding in order to avoid
very complex equipment problems.

3. The various component circuits of the pulse-train correlator, as
medified, operate satisfactorily.

Le The simple circuitry involved in the optimum filter for video pulses
demonstrates the practicability of this type of filtering for video pulses.

S. The techniques suggested in this report for constructing an optimum
filter for apprlication in the i-f section of a pulse receiver appear to be
practical.

6. The present transistor-testing program is providing sufficient use-
ful information regarding transistor parameters and performance to allow
competent circuit design and classification of transistors according to
their frequency response, smali-signal alpha, etc.
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7. The pulse-jamming generator produces pulses of approximateliy ihe
sams shape as that of the individual output pulses of the pulse-train
generator, and as a result should be effective as a jamming device for
testing the system under study.

8. The fixed-frequency square-wave generator is a useful piece of
test equipment for specific applications, and thus will serve to free
similar commercial equipmsnt for general laboratory use.

s e iathinh R H B 1

9. The operation of the constant=current source appears satisfactory
for transistor applications.

10. The signal generator for storage-cell testing will adequately fulfill
its purpose when it has been comcletely checked out.

11, The clock-pulse generator for storage-cell testing will be satis-
facstory for both its intended usage and as a Zeneral laboratory item.

As an alternative to the general system covered by thie and previous
reports, it is recommendesd that consideration be given to a system which
employs random noise as a challsnge. The random noise would be processed
by a linear or ncn-linear network in the “ranspondor, whose parameters con-
stitute the code of the sortie period,

he Future Work

In view of the work of this and previous report periods, and the above
conclusions and recommendations, it is intended that f{uture work include:

1, Studies directed toward the determination of the optimum signal for
IFF purposes. Consideration will be given specifically to the applicapility
of noise~like waveforms to this problen,

2. The continuation of various studies of a general nature that have
already been begun., These include (a) the study of contemporary jamming and
countermeasures techniques, (b) the study of ways by which correlation and
filtering methods can be applied to IFF systems to improve system reliability,

and (c) the study of the response of video detectors to pulses in the presence
of noise,

3+ Further general study of redundancy coding, with special emphasis
placed on the consideration of the probability distribution of the envelope
of noise and signal combined. Practical consideration will be given to
determining the feasibility of employing redundancy-coding techniques as
means for improving the reliability of IFF systems.

L. The completion of the pulse-train correlator and the testing of this
unit to determine (a) the optimum values of the design parameters for various

conditions of roise and pulse jamming, and (b) the amount of jam rejection
possible with this device,
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S. The testing of vhe optimm filter for video pulses to determine its
operation in the presence of noise. Experimental results will be compared
with its calculated performance.

6. The construction and testing of an optimm filter for application
in the i-f =action cf a pulse receiver,

7. The continuation of the study and design of a storage cell suitable
for uee as the memory element in a shift register. All immediate work under
Item III will be directed toward the development of a reliabls transistorised
shift register,

8. The continuation of the transistor-testing progra= in its present

form to provide design data upon which to base the work on transistar cir-
cultry carried on at Northeastern and AFCRC,
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B. OPTIMUM FILTER FOR VIDEO PULSES.

FIG. 3. OPTIMUM FILTERS.
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