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CHAPTER I

Introduction

In an elecironic computer being designed at the
Massachusetts Institute of ‘['echnolog} 1t was decided to use the
binary number system as the basis of operation? The binary syetem
!I..s_ particularly adaptable to uee in electrical systems because the
binary integere, zero and one, are esasily represented by electricel
signals of two values. In the past, the principal use of the binary
number system has been in electrical circuits used to count a seriee
of events, In this application, the problem of converting the
binary count of the circuit into the equivalent decimel number 1is
preeent. With high-speed computere now being designed to use the
binary eystrm of arithmetic, the opposite protlem of converting
& decimal number to ite blnary equivalent ariees when it ls desired
to feed data into the machine. The object of this thesis was to
create the necessary circulte to ccnvert data from the decimal
system to the binary eystem and to store the result in a binary
reglester.,

It ie possible for a person to convert a decimal number into

the binary system by using arithmetic metho&s, The result

1., Under the Division of Industrial Cooperstion, Project WHIRLWIND

2. See Appendix, page 63, for description of the binary number
' gyetem,
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could then be recorded on a binary register by pushing buttons that
would set up the stages of the register in the correct fashion.

Such & method is unduly elow, and for use with a high-speed computer,
it 1s desirable to use a method that uses the fastest capabilities of
a human operator. It is belisved that e decimal keyboard of the
ten-key type with associated circuits to perform the decimal-to-blnary
conversion automatically 1s a good avproach to the problem. Because
the problem has not arisen in the past, there has been little work
performed towards the solution previous to this investigation.

This paper presents one of the many possible systems that could be
used to perform the automatic converslon of a decimal number to the

equivelent binary number.
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CHAPTER 11

The General System

Basls of Operation

Selection of a ten-key keyboard in preference to a
matrix-type keyboard antomatically determines a requirement of the
decimal-to~-binary conversion circuit. On a matrixtype keyboard
(euch as those on a Monroe, Marchant, or Friden celculator), there
are ten keys for every digit in the number to be recorded, thelr
physical placement indicating the relation of each digit to the
decimal point. For the ten-key tyoe of keyboard (such as the one
used in a Sundstrand calculaior), the sequence in which the digite
are recorded determines their placemeat with respect to the decimal
point. The diglits of a number are normally read from left to right,
the first digit to be recorded aop2aring on the left in the re-
corded result, and the last digit appsaring on the right. To
accomplieh this operation, each time a key is depressed the
previouely-recorded digits are each shifted one place %o the left
and the new digit entered in the units column. Shifting the digite
one place to the lefs in the decimal system is the squivalent of
multiplying the number by ten. We have therefore made the require-
ment thet our conversion circulte nust have some means for multi-
plying previously-recorded recults by ten, eack time a key ls

depressed,
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. Another requirement of almost any decimasl-to-binary con-
version system is thet some form o bldary regslaster ie necessary Lo
store the final results. The exac: form of the reglster is deteralned
by other considerations, such as the use of the register to perform
operations necessary in the conversion process, but these require-
montsl will be discuseed later,

If the previous requircments are met, the actual conversion
of a decimal number into its binary equivalent 1s simplified,
because decimal-binary equivalente are required only for the ten

decimal integers, zero through nine. These equivalents ere &s

follows:
Decimal Integer Binary Equivalent
0 0
’ 1 . 1
e 10
3 11
L 100
5 101
6 110
7 111
E 1000
9 1001

Such 2 conversion may be accomplighed by a relatively

simple, matrix-type of circuit,
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' We have nuw considered all vhe elements necefigary for
the complete decimel-to-binary conversion system: a keyboard to
enter the decimal number, a binary register for recol;dlng the final
result, clrcuits to multiply the number In the register by ten each
time a key 18 depressed, and a circult to convert a decimal integer
into ite binary equivalent. A sliplified block diagram is shown on
A-30568, page 6. The seaguence of operations is etraightforward.
Each time a key ls denressed, the nunber in the register is multi-
plied by the binary equivalent of ten, and then the binary equivalent
of the decimal integer correeponding to the depressed key is entered
into the register,

This system will only handle decimal numbers that have no

l digite to the right of the decimal point. Digite that are to the
right of the :oint, whether in the decimal or binary system repre-
sent fractions. There is no simple means of conver:ing numbers of
this nature from one number system to the other,

System Details

The push-button circui.s are arranged so that depressing
any push-button creates a pulse to start the tining circuits. Each
button is also connected to a conversion matrix eo that the circuite
reprreenting the binary componentsof the decimal integer are turned
on, When the timing circults pules the conversiop matrix, the binary
number is added into the reglster.

Multiplication of a nunber in the binary system is entirely

similar to the process used in the decimal system except that the
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g binary multiplication table: 1s much emaller than the decimal multi-
plication table. The binary multioslication table is as followst
0x0= 0 1x0=0
0x1=20 l1xl=1
Congider the multiplication of a binary number, 10111, for example, by
the binary number 1010 (decimel number ten),
10111 mult iplicand
1010 gultiplier 1
101110 multinlication by binary 10 or (27)
101110 multiplication by binary 1000 or (27) 1
11100110 result-mulsiolication by binary 1010 or (22 4 2°)
Inspection of this example reveesls that the desired multiplication
mgy be achieved by first ehifting the multiplicand one place to the
left (multiplication by 21). This reeult saifted two additional olaces
. to the left is the multiolisand multiplied by 23_ Adding thege two

partial products completes the multiplication.

The binary regleter and assoclated circuits permlt oper-
ations that cannot bte performed by an ordinary binary counter. The
circuits are arranged so that all diglte of a binsry pumber may
be added ‘into the register simulteneousely. By means of a pulse from
the timing circuits the pumber in the register may be shifted one
binary plce to the left, such a rhift being the equivalent of mulii-
plying the number by two. (This ie anslogous to a shift of a decimal
number one place to the left bein; equivalent to multiplication by ten).
Other circuits connected to the reglster permit the stored number %o
be read from the register in the form of pulees without eraeing the
stored number. The combination of these features permits the multi-

l plication of & number in the reglster by the binary number 1010 in
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the manner just desccibed. The tining circuits control the
operatlonal sequence.

In view of the detalls jJust described, let ue again review
the sequence of operatlons that occur when a key ie depressed. First,
the push-button circult creates a trigger that starts operatlon of
the timing circuits and turne on tae circuits in the converslon
matrix that represent the binary components of the decimal integer.
The trigger causes the number in the reglster to ehift by one binary
place. The nuamber in the register is now read out, shifted two
binary places and returned to the rezlster wherg it is added to the
number already present. The multiplication process having been com-
pleted, the circuits of the converiion matrix are read and the binary
equivalent of the decimal integer Ls added o the count in the
regieter. This entirs process 15 “epeated or each digit of the
decimal number until! all digits have been entered. At this point,
the binary nunber in the register may be recorded or entered into
the associated compufier, and the blnary regi.ster may be cleared.

Representation of Funbere

The hinary system lends iteelf readlly to the representation
of numbers by electri.cal means because a zero may be represented by
the absence of a signal end a one dy the presence of a signal. In
the circuite used in this thesie, a parallel method is used to trane-
mit a number from one place to anesher. Such a scheme le shown in

A-30569, page 9. A ssparate wire is used for each digit of the
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number and all digite are transmitied simultaneously, a pulse on a

line repregsenting a one, and absence of a pulse meaning a zero.




PPROVED FOR PUBLIC RELEASE. CASE 06-1104.

11

CHAPTER III

The Binary Hegister Operation

Introduction

The primary purpose of the binary register is to store
the final number until needed. If suitable circuite were comnected
to a set of flip-flops (Eccles-Jordan trigger circuits) the
flip-flops could be used as the storage elements, In the practical
case, howaver, the register is ueed to perform functions other than
storege and therefors must be eguipped to accomplish these other
duties. As previously mentioned, the register m;t be capable cf
receiving all digite of a binary number simulteneouely and adding
them to the number already stored. To perform the multiplicaticn
process 1t must be able to shift the stored number and alsc have
circuits to read the pumber out of the register end add it back in
at a different position. The following discuseion will ehow how
this specialized binary register is evolved from the ordinary binary
counter.
Component &

One of the most common forms of high-speed binary counter
utilizes flip-flope ae the basic element of construction. Such a
trigger circuit (shown in A-30570, page 12) normally has one tube
oonducti.ng and the other tube blased below cut-off by the condition
of the first tube. If & euitabdle trigger pulse (a pulse of short

duration) of either nositive or negative polarity is anollied to both
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grids simultaneoualy, the statzs of the two tubes will be interchanged.
the firest tube beconinz cut off and the second tube conducting.
Another trigger will fliv the :ircuit back to the orlginal noeition.

It is thus seen that %two trigg:re =re necessary to perform one com-
plete cycle of operatioa, the vaveform on the plate or grid of cne
of the tubes rising or Talling only once for every two input triggers.
I7 the condition for tube A to be conducting 1s considered
the zero position of the cireuit vhen used as & binary elemen:, then
the rirst trigeger fed to the circuit will flip it into the poRe
positlon, with tube B conducting. The next trig;g_er will flip the
circuit back to the zero posit.on and will cauee e sudden negatlve
drop in the plate p.ot-an'.;ia.l of tube A, If thle wevefront ie fed into
a circult such as at E-L.C pea\.':etrlI a trigeger pulse will result that
= may be used to drive a mucceeding flip-flop stage. Such a pulne 1is
knowva as a carry pulse and is produced each time the flip-flop com-
plet=8 a cycle,

A reget or Clearing trigger is cne th:t is applied to tas

grid of tube A and serves to rostore the flip-flop from the one to the
zero positlon. Such en operatlon produces sn ordinary carry trigeger.
However, if the flip-flop ie originelly in the zero position when tae
reset, 1s applled, it will have no effect. By coucling a series of
flip-flops together through pecking circuite that produce one cutpu:
trigger for every complete flip-flop cycle, & binary counter 1o formed.

Such a counter is shovn in block form in A-30571, page 1M4.

) 1. The oeration of an R.1-C peaker is explained more fully on pag= 2:c.
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Thie ordinary tyve of counter may be used as a binary
storage register, each eucceeding stage reoresenuving the next higher
power of t'o. To ald annther binary number to & number already
stored 1ir the register introduces complications if an attempt is
mwade to introduce -1l digits of the nev nwiber simultaneously iato
thelr respeciive Uinary stages, The aldiilon of the nev' number may
generate carry pulses which would interfers with the digits belng
inuroduced. Therefore, some mocdification of the counter is necse-
sary if it 1s desired tc add =211 digits simultaneously.

The introduction of delay rtagsse overcomes the difficulty
in a manner th .. is described in the next section. When a delay st ge
recelives a trigger pulse, 1t stores it for a fixed period of time
before delivering the pulse at its output terminals.

I0 read A number out of the register, a form of colncldence
mixer, Or gete circult, 1s used. When pulsed, such a reading stagr
will produce an ocutout pulse only if the flip-flop 18 in the one
noaition.

l. Addition
The flip-flops, peakers and delay stages connected to fornm

the binary register are shown in block form in A-30572, page 16.
When a numbder, in the form of nulses, 1s added into the reglster, it
is temporarily stored in the delay stages until the set of ioput
pulses representing th 4 number have subsided. The delayed rulses

are then applied to the flip-flops. If a carry pulse is produced by
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a flip-flop and its peaker, 1t passes throush a delay stage befor:
reaching the next flip-flop. In this manner, a carry being prodiced
by a flip-flop cannot be interrupted by the input of a cxrry pul ue
from a previous flip-flop stage. In other worde, a flip-flop & vays
has a chance to reach equilibrium after recelving a pulse before it
receivee another pulse.
2. Shifting

If a clearing pulee is simultaneously apnlled to all the
flirn-flops in the reglster, all the flip-flope will be restorid to
their zero positions. All flip-flops that were originally in the one
poeition generats carry pmlees when they are restored. These
carry pulges therefore represent the number that w s stored ir the
reglster before it w:g cleared. The carry nulere are stored in the
delay circulte until after the clearing pulse has subsided., WlL:m
thesr carries are delivered, the original noeition of each fli »flop
in the reglster 1s tranemitied to each adjolning flip-flop. or, the
number has been shifted by o plece.

3. Reading
In the multiolicatlion process previously lescribed, af er

the pumber in the register has been ghifted it 12 then neceseary Lo
. read the number out of the register without disturblng the esctiings
of the register flip-flops. To mccomplish this result, each
flip-flop excent the first one in the register has a reading circuit
(ees page 15) connected to it, The first Tlip-floo ie always in the

zero pasition after a shift so it needs no reading circuit. The
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arrangement of thes~ reading circuits with respect to the rogister
stages ie ehown in block form in A=30573, page 19. Bach rendin:z
stage 1s connected so thut its output is fed to thn delay lnput of a
flip-flop two stages removed fromtho imput of the reuding stage..

I, Multislication

Let us review the multiplication process now thut soms of
the detalls of the binary register have beon desctitad, The correct
sequence of pulses to control the multiplication is supplied by ihe
timing circuits that »ill be described in detail after their require-
mente have been discuseed. Flrst, a clearing pulee applled to all
the register flip-flops shifts the number over one plece to the left.
(Multiplication by 2L). When the shift has been completed, &
reading puls~ energlzes the reading circuits, obteinlngz pulses
revresenting the orlginal number multiplied times 21. The wiring of
the outputs of the reading stages shifts this numtes tvo additional
places to the left.\ The number that 1e added back into the reglaster
by the reading circuite is therefore (.?lx 22) ar 23 times the
original number cstored in the reglster. When thie paitial oroduct 1s
added into the register (which still containe the ori,inal aumber

times 21). the net result is (2% +23] times the criginal ramber.
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CHAPTER IV
The Binary Reglster Circuitas

In the prrvious chanter we considered the functloans of the
binary register and the requirrments of the individual components of
the register. We will now consider the detalls of the circuite used.
Flip-flop

The schematic diagram of a flin-flop stagr of the reg.ster
i: shown in A-3057l4, page 21. A positive nulse at tha trigger in ut
will cause the circuit to flip over from itsn original state. All
three grrmanium-crystal diodes are used as deccuvling elerments.
The diodes connected to the trigger innut prevent counling
between the tvo grid circuits, and the diode ir the clear lmnout prevents
interaction from the other flin-flops on the clearings-pulse bus.
The neon bulb glows to indicate the flip-flop 5« i thwe oun vosition,
when tube B 1s conducting. The small condensers tend to compensate
the plate-to-grid voltage divider for the input capacltance of the
tube. Both the clear and trigrer input sources are blased below
epproximately eight volts so they do not interfere with the flip-:I"lop
operation.

The flip-flop stage will onerat~ at a trigger repetition
rate up to anproximatrly 1.5 mefacycles. When used in thie
decimal-binary conversion circuit the trigger repetition rate n®voar

exceeds 0.67 megacycles, so there is a margin to allow for veriation
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in eircuit parameters. The relatively hizh speed of overation is

not es-ential to the basic princinles of the ccnverier when the cond

varter is working from a nush-button innut. Hewever, the hichspeed

makee the delay circuits more compact and provides for the noesibillty
* that the circuit might be used with high-speed alec:ronic_in;ut.

Gate-peaker Circuit

The functions of a nesker circuit to vroduce a carry nulse
from a flip-flop output, and a reading circuit to determine the
position of the flip-floo have been combined in g one-tube circult
shown in A~-30575, page 23, It utilizes a Tyoe GASO pentode. This
tube is especlally designed for gating applicatiocns, having
suppressor-grid characterlstice similar to those of its sharp-cutoff
control grid.

Let us first consider the operatlon of the peaker circult.
When the circuit 1s acting as a peaker, the plate carrent is cut off
by a negative bias on the suppressor grid, and the plate circult does
not enter into the operation. The control grid of the 6ASG is
connected through a seriee resistor to the grid of the associated
flip-flop. The grid of the flip-flop 1s normally at a positive

.potential of about 1.6 volte when the flip-flop ie in the one position,
80 the series resistor is necessary to prevent the 6AS6 grid current
from loading the flip-flop.

The screen grid of the 6AS6 i1s commectod to its positlve
supply voltage through an Inductor. When the flip-flop connected to

the peaker inout ie in the one gositlon, the control grid of the
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EAS6 is slightly uositive with respect to the gathode and a cu remd
is built up through the screen-grid elrcudt Anducior. Vhen tla
flio-flon 18 trigpered to the zero nosition, the ncreen-grid werent

of the OASE is suddenly cut off. The interrustic: of secreen-prid
current causes an oscillatory transient to mppear at the screer grid,
the inductance resonating 1ith the siray cavacziterce. If there ) =re

no load connected to the sereen-grid circuit, the waveform would e

an exponentially demped sinusoidal gpscillatior with the initial
half-cycle posltive.

The outnut of the screen grid is capacitively coupled "o a
damping resistor that is in serles with a germani.m diode. The
poleriiy of the diode comnnection 1s such that there ls praciically
no damping forthe initial positive ewing, but the recistance damps
out the oacillatiorn on the negative part of the cycle, The value Jf
the resistance is approximately that recuired for critica. dampl g so
that the transient is damped out in the shortest -ossible time wlthout
8 posiitlve overshoot. The outout of the peaker circuit 1 a roeltive
pulee th t repr<sents a carry.

When the flip-flop ie returned to the one posii iun, the
control-grid votentlal of the 6ASH 1s made positive, causin; a negative
oulse at the screen grid. Thle negative nulse is overdamped W the
tube reslstance and the damping circult, however, and has no ef.’2ct on
succeed ing circuits.

Placinpg the damping circuit after the coupling capacitor hes

advantages over the more common method of having the dammin- circuit
'
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| directly across the inductur. With the latter metaod, en extra
resistor is required as the d-c return for the counling capacitor.
The extra resistor reduces the ngsitive-pulse amnlitude by introducing
extra damping. If the resistor has a high value g3 that it does not
appreciably dam> the nulse, then there is danger of building up a
bias on the capacitor when the next stagr drawe grid current. Such
& condition ls usually undesirable, vartlicularly wien the random
revetition rate of the nulses would make the bles variable. Usine
the damping circuit as the d-¢ return for the canacitor eliminates
both troubles. The resistance for the positive-pulse voltage le high,
and the resi=tance for negative voltages 13 low, vreventing a build-uon
of bias,

To read the position of the flip-fleop, it 1z desired to
obtain a julse from the 64S6 plate circult if the control-grid valtage
of the 6AS6 13 positive. The plate circuit 1s slrilar to the
screen-grid circult, having an inductor, coupling canacitor, and
damping circuit. If the plate current is allewed to build up through
ite inductor, and is suddenly cut off, the decired positive puls2 ie
oroduced in the same manner =g the nulses of the gcreen-grid cirecuit.

Certain vrecantione must be taken, hoyever. The plate
current has a direct effect unon the screen-grid current, an ipcrease
in the plate current causing a decrease In the screen current. If
zhe plate current is abruptly increased, the sudden decreaso in
screen-grid current causes an undesired nositive rulse from the

screep-grid clrcuit., If the plate current i1s incre-sed at 3 rate that
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is slow compared to the period of the oscillatory tremsient, the slow
tecrease in the screen-grid carrent cainnot produce r. nulge.

The correct result is obtained by driving ithe suppressor
grid with a sawtooth waveform. This voltage, inown as the reading
pulse, slowly increases the plate current (1f the :ssociated flip-flop
is in the one nosition) and then abruptly cuts i1t off. A positive
pulse is ovroduced =t the plate thai represents the digit stored in the
flip-flop and is called an adding pulse. A amall negative pulee is
produced at the ecreen grid vhich does no harm.

Delay Stage

The delay stzges used in the binary regsister had to meet two
main recuirements. The first has aslready been described, nzamely, the
circuit should be able to receive a pulee at its ir-ut, store it a
definite oeriod of time, and then deliver a pulse at ite ocutout. The
nature of the particular carry circuits used in this register lumposes
the second requirement. The delay stage nupt de able to recaive an
inppt pulse at the szme time it 1s delivering a opulse at its output.
This second requirement eliminates from consideration ordinary
mul :i-vibrator-peaker combinatlons, although specirl circuits could
probably be desipmed. It was aleo desired to keep the number of tubes per
binary-reglicster stage down to a minimum,

Commercial, continuous-wound delsay lines sermed fo offer =
good solution. Theee lines come in a variety of lengthe and impedances,
and are relatively convenient 1o uee. A photogrask of t o of these linags

is on page 27. The delay line could have been usef in a straightfory--d
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circult where the nulege ig fed in at one end of the line and receivéd
at the other, The characteristics of the twin-triode flin-flope
were such that it wa: felt a delay of at leust one ilerosecond was
necessary, more delay being desirable. A one-microsecond delay L.ne
is about twenty-two inches long, &nd such a lire in each register stage
would cause considerable contructional difficulties.

Hore delay per unit length was achiaved by taking
advantage of reflections. A single-reflection scheme, vhereby a
pulse of one polarity anplied to a line 1s refleciced at a short-clrcuit
at the far end and returned as a pulse of ovpoeite nolarity, could not
be used bacause the input gndoutput circuits of the delay st:uge had
to be independent. Drawing A-30576, page 29, shows the circuit used.
The tube is normally biased below cuteff by the grid circuit. The
grid recelves noc=ltive nulses from a diode nmixer that eerves® to
isolate the tvo or three circuits that may feed the grid.

When a voeitive pulse 1sg,glisd to the grid, the line
temporarily aospears as its characterlstic meed‘anf:e (1,000 oktms), and
a negative nulse is generated across the line, The negative pulse
travels down the line and after the one-way delay time of the lina
(0.5 wicrosecond) it anpears at the far end. This end of the linz is
terminated in a germanium diode 4in parallel with Lhe characteristic
1n:lpeda.nco of the line. The polarity of the diode is arranged so bLhat
1t apears as a low resistance (approximately 100 ohme) for a negative
pulee and a high reeistance (greater than 0.1 negohm) for a nositlve

pulse.
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Becuuse the line appeare to be terminsied in much less than
its characteristic impedance, the negative pulse is returned %o the
tube as a positive pulse. When the positive pule: resches the and of
the line it 1is reflected without change of polarity, becauce ths tube
is cut off and appears as an open circult. The r:flected poeitlve
pulee travels through the line and appesre across the terminating
rasistor at the output. As in the damping circuit for the peaksras,
coupling the terminating resistor through a capacltor possesses ad-
vantages. The total delay between input and ountput pulses is equal to
three times tlioone-vay delay of the line.
Bednter Stage

A pingle stage of the regieter is showmn in B-30E77, nage 31,
to illustrate the methods used $o couple the atagea together, Sermanium
diodes form mixzere wherever it is necesgeary to fe:d pevernl inmpute
into one point. They serve to isolate the stnges. Such a need ariscs
at the input to some of the delay stngee, where 1t 1s necesaary to
faed carry pulses from the preeeding stege, maddirg pulees irom another
stage and digit pulees (to be described later) from the conversion
matrix. Direct coupling is ueed between the {lip-flop and the
peaker stage because the time between nm::eeaf.ve cperations may be
measured in microseconds or hours. Cepacitive covpling is usged to
pass the pulses becmuse they are approximately 0.:5 microsecond wide

) and the reps titlon period is never less than 1.5 mlicroseconds.
A complete stage of the reglmter reqniree three tricdes md

a pentode, or two and one-half tube envelopes 1f twin triodas are uesd.
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CHAPTER V
The Yiming and Conversion Circuits
Timing~Circuit Requirements
The details of the binary regleter autometicelly deternine
most of the reguirements of the timlng circuite. I'be ilmportant .
waveforms are showvn on A-30578, page 33. The operations, broken up
into unite of time (eachynit 1.5 microseconds long), are as follows:

1. Clearing pulse initlated by nush-button circuit which glsars
register flip-flove and generatrs carries, C:rries stored in
the delay stages.

2. (arries delivered from delay etages to the flip-flops, com-
pleting the shift of the number in the regzister,

3. End of reading pulse causes reading circuits to read tne
number out of register and add thess adding pulses, shifted
over by tvo places, into the delay stages.

L. Delay stages deliver the adding pulses Lo the flip-flops,
complet ing the multiolication. End of dizlt pulse reads the
binary digite of the decimal integer from the conversion
circuit into the delay stages of the register.

H« Binary digite delivered from the deslay steces to the fllo-flope,
Action of the circuits are comnlete excert for any carrles
that might prooagate throughout the reglster.

The above sequence reguiree three waveforms from the timlng

circuits, the clearing pulee, the reading nulse, and the digit pulse.
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Because the digit pulse energizes circuits in the zonversion mabrix
that are similar to the reading circuits of the rezister, it can be
of the spme shape as the reading oulee,

Push-Button Trigger Ciremit

Because a nush-butt.on tyve of switch does not make &
definite contact ‘hen it is denressed, a circuit must be used to
insure that only one trigger is produced for each ->ush~button operation.
The first scheme attempted was the uc<e of a flip-f.op that was connecied
to the swltch contacts. The disgram is shown in ».30579, page 3.
With the circuit at rest, the normally closed cont:cts of the switch
epply a vositive votential to tube A of the flip-f.op, ineuring its
conductlon and therefore lkeeping tube B cut off. .f the button le
pushed, the normally closed contact of tie ewitch e ovened, having
no effec. on the flio-flop. Vhen the button reachee the boitom ¢f it
travel, the othrr contact i3 closed, aoplying a pousitive potenticl
to tube B of the flip~-flop, causing the circuit to flip to lts other
stable s.ate. Once the condition hae been establi:hed, the circrit
remains in that state regardless of breaks in the ewitch contact.

When the sush-bution is released, the other contac. is again cleceed,
restoring the flio-floo to its original condition.

This echeme requires a flio-flop for each push-button, the
grids of the flip-flops being connected through & dilode mixer to an
E=1-C pecker stage. The connectlons are arranged eo th-t —ushing an-
bul.tt.on cuts of f ‘the R-1-C peaker, producing a poei.ive pulse, 1ke
other set of flip-flop grids are connected to the :onversion matrix

to Bet up the blnary digits of the decimal integer .
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Besides requiring many tubes and circuit compenents, the
flip-flop stages were not alvays stable under tae severe operabing
conditione. The back resistance of the germaniun-dicde mixer circuite
produced a heavy load on the fliv-flon grid circuits, This loadlng,
rlus the long length of grid leads that were necesssiy, made the
flip-flop operation erratic.

The flip-flop circults connected to the rush-button were
discarded in favor of a eimpler circuit compose® of two ges-filled
thyratons shown in B-30580, page 37. One side of 211 the normally
open contacts of the push-buttons 1s connected to a positive potential
of about twenty volts. The other terminals of the contacte are’
connected through a diode mixer to the grid of gas tibe VI, There
ie also a parallel set of connections to theee termirals that goes
to diode mixers in th' conversion matrix, Thesee conneciions to the
matrix normally provide a negative blas of abtout thirty volte, a0
taat the gus—tube grld voltage is below firing potentlal. A negative
bias on the shield grid makes the firing poirt of the contrlerid e’
poeitive potential of about eighteen volts. The nornally closed
contacts of the push-buttons are connected ir a series circuit that
permits the charging of a 0.01 microfarad capacitor fo a positive
votential of 150 wolts,

Pushing any button breaks the cherging ci.rcuit, temporarily
leaving the c:nacitor with a net charge. When the bhottom contact of
the switch 1s closed, the control grid of the gas tuie is connected

to a poeitive, twenty-volt potential, and the tube fires, dlecharging
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the capacitor. The discharge produces 2 poeitlve waveform acrose the
cathode resistor that has a sharply rieirg front, and an exponential
traill-off. When the condenser voltage drops below a eritlical point,
the tube goes out. The circuit cannot be operaipgd again until the
push-button is rele .sed and the condenser has tlme to recharge, there-
fore oniy one pulee may be produced for each push of & bubtecn,

The output pulse of thefirst gae tube doee not have the
correct amplitude or wavesbape to act as a clearing pulee for the
register flip-flops. It pervee to fire the second thyruiron which
has & pulse-forming network in ite plate circuit. The netwvork con-
elete of a small capacitor, an inductor, and the stray plate-to-ground
capacitance of the tube. Such a pi-type network m:y be considered as
2 section of an artificlal tranemisslon line. It 1s normally charged
up through & resistor to the 150-volt supvly poteniial. When the
wavefTont from the first gas tube fires the second tube, the network
is diecharged, producing a eingle vositive oulse acrose the zathode
resistor, The pulee 1s about 0.25 mlcroeeconds wide at the base, and
the emplitude of the output may be ad,justed by mesns of the
CLEAR-PULSE AMFLITUDE potentiometer., This eecond zas tube circult
could not be operated directly from the push-buttons because the
etorage capacltors ere eo small they would lose thelr etored charge
through stray leakage during the time of push-butten travel. The
cathode resistor is returned to a negm.ivelbian go that the outputb

may be directly coupled to the register flin-flop stoges.
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Conversion Matrix

The conversion circults to change the decimal integers into
their binary components are also shown in B-30580, page 37, and con-
siet of four diode mixers to prevent interaction betwoen the
push-button circuits, and four gate tubes (coincidence mixers) to
act as readlng circuits. BEach gate tube represents a binary digit
end the output of each stage i: connected to the delay input of the
flip-flop in the register representing the particular binary digit.

The normally open contact of sach push-button is connected
through germspium diodes to the grid circuits of the gnte tubes repre-
senting the binary component s of the particuler decimnl integer,

For example, the number seven push-button 1s connected to the 20,

2%, ana 22 gate tube grid cireuits (7 = 20 4 22y 29).

' When a button 1s depressed, the grids of tle assoclated
gate tubes are turned on by the positive potential supplies through
the push-button contacts. After three time units (U4.% microseconde),
the gate tubes that have their control grids poslitive, tranemit their
digite into the register when the digit nulse esuddenl) cuts off the
plate current by means of the suppressor grid.

The potential applied to the control grids of the gate tubes
le connected through eeries resistors so that grid current prevents
the grids from being driven appreciably wnositive. The grid-return
resistors are connected to a source of minue thiriy vclts blas %o
keep the tubes normally cut off. The grid-return resistors have a

low value go that when adjacent gate tubes are tumec on, the back
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' resistance of the diodes in the mixer circuite will n:t raise the blas
of a non-energized stage above cut-off.
It ie essential that the correct gate tubes have their grid
voltages positive 4.5 microseconds after the pueh-button fires the
&ae tube that generates the clearing pulse. If no precaution were
teken, it ie possible for the push-button to meke an intermittent
contact th:t would fire the gat tube, yet permit the zate tube prids
to be biased off 4.5 microseconds later vhen the diglt pulee ie
supposed to read the digite from the gate tubes. To overcome thig
difficulty, a capacitor 1s connected from each ousb-button contect
to ground, and the firing point of the gas tube purposely adjusted 30
that 1t is about eighteen volte positive. The opush-Ultton contect must
be made long enough (about twenty microseconds) to charge the gapacitor
. up to the firing voltage of the gas tube. Even 1f the contacte open
at the instant the tube fires, the time constant of th2 condenser
diseharge is large enousgh so that the potential of the condenser will
8till be positive 4.5 microseconds later,

Reading-pulse Generation

The waveshap® requirement on the reading pulse iz that it
should rise slowly and have an abrupt drop. The rise nay stert at any
time after the clearing pulse and the drop should occw" two time unite
(3.0 microseconds) after tlie clearing pulse. The clrouit Lo generate
thie pulse ie shown in block form in A-30581, page Yl, and in detail in
B-30582, page 42. It consists of a flip-flop end delay stage that 1w
used to generate a gate three microseconds long, a saviooth generator

. controlled by the gate, and a cathode follower output otage.
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The flip-flop, which is normally in the zero poeition, 1B
triggered into the one position by the clearing pulre, The clearing
pulee is also applied to a delay stege, After three microseconds, the
delayed clearing pulse 1s delivered to the opposite side of the
flip-flop, resetting the flip-flop to “he zero nositien. The vhole
operation produces a negative, three-mlcrcsecond gete that ic spplied
to the sawtooth generator,

The sawtooth generator 1s a triode wlth & high value of
reslstance in series with the plate. The tube ie normally conduciing
until the gate from the flip-flop cuts it off. When this occurs, the
stray plate-to-ground capacitgnco is charged by current from the plate
resistor. The plate voltage therefore rises towarde the supply voltage
exponentially, DBefore it risee by more than about [orty wolts, the
three-microsecond gate ceases and the _ow reelsiance of the tube die-
charges the stray capacitance guickly, causing an etrupt fall in the
plate voltage. The amplitude of the sawtooth that is produced is cor-
trolled by resistance of the SAWIOOTH AMPLITUDE rheostat which varles
the time constant of the exponential rise.

The sawtooth is capacitively coupled %o r triode-connected
6AQ5 cathode follower, This relatively high-pervaancs tube wes
neceszary to feed the combined perallel lcad of a 1,000-ohm cslay line,
a8 1,000-ohm outout cable for a moesiblae additional chassle, snd the
supressor grids of all the gate tubes. Becauese the suppresscr grid:

are diriven positive, they form an app-eclable Load,
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When the CLEAR push-button is deprecsed, compllicationa ari
because the CLEAR button grounds the clearing-pulss bue. The operation
leaves the gate-generating flip-flop in the one positlon unl:ge o resel
method is provided. To perform the reset, the normally closed contacts
of the CLEAR button are wired so that they produce 1 poepltive oulne
when the button is released, which le applied to th: flip-flop.
Digit-pulee Circult

The dilgit pulse to read the gate tutes o” the conversion mairiz
has no requirement on shape sxcept thst it muet euddenly cut off the
suppressor grids one time-unit (1.5 microseconde) s ’ter the end of the
reading pulse. For convenience, the digit pulee 1s formed by delaying the
reading puler through 1.5 microseconde of delay lin: terminated in
ite characterletic impedance. No slmple means of uelng delay-line
reflections to shorten the required line being avallable, the

thirty-four inches of delay line were used directly.
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CHAPTER VI

Construction and Operation

The Completed Unit
The block diagram of the whole unit is eaown in C-30308,

paze 46, and shows how the basic parts of the converter are inter-
connected. The complete echematic diagram shown in E- 0583, page 47,
has the circuits placed in approximetely the same arrangement as the
block diegram. Five complete register stages were dHuilt, plue a
elxth flip-flop that had no associated gaie-pesker atage.

The entire unit, excluslve of power supplies, wes bullt on
a 13 ty 17-inch chassis, Photographs are shown on nages 48 through
53. The chaesls contains a set of input push-buttons, complete
circuits to perform the decimal-to-binary conversion, neon bulbe to
indicate the converted number, coaxial output Jacks foi connections
to a chassis contalning additionsl reglster etages, and a plug to
connect a remote keyboard and meon-light unit. The cosxial outpute
are designed for use with type RG-65/U, 1,000-ohm cablt that may be
terminated in ite characteristic impedance when connected to an
additional register chassis.

The elimination of the flip-flops assoclated with the
push-but ton in favor of the gas-tube clrcuits accounte for the ten
empty tube sockets on the chassis. At some future date some of Lhese
flip-flope may be converted into additional regleter cstages, so

they vere left intact.
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No special precautlions were 'taicen in wiring of the chassie.
In general, all circuit components except series grid reeistors and
delay lines were mounted on terminal boarde and leade connected
from the boards to the tube sockets, The germenium cr;etal dicdee were
mountrd as far as possible from power-dissipating reeictore, and care
wvas used in soldering to prevemt damage to these unlin by coverhsating.

Initlal Adjustment and Testing

Before the chageis 1s initially put into cp.ratlon, there
are certain adjustments that must be made, These are wade by means
of screwdriver controls that generally require little :tiention after
the initial settings unless supply voltages fluctuate or tubes are
changed. Simple checks, described later, may easlly bc made to
deteruine 1f the clrcuite are functioning correctly.
Three d-c power supply voltaeges are necese:.y to supoly the
chasele,
+150 volte at 275 milllamperes
+ 50 volts at 100 milliamperes
~150 volte at 100 milllamperes
from regulated supplies. An a-c supply of 6.3 volts at about 7.2 mmperes
ie required for the tube haaters., The power connectlonu are made
through a plug on the chaesie., Other equipment deeiralle for inltiel
testirg should include = ey.nc:hroacope, d-c voltmeter, #nd & pulse
source. The pulee source ieg used to fire the pulse-forming gas tube
at a continuous ratr for convenience in observing sbency-otate

circuit operation. The requirements on such a pulse scurce are not
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wvery rigld, almost any shape of positive pulse that 1s 20t too long
with respect to the repetition perlod and has a repetition fregquency
of legs than about two thousand cycles per gecond ie su”Ticlent.

: One of the first adjustments to be made je the GAS TURD
BIAS control. This adjustment determines the firing potentlal of the
firet gas tube and ghould be adjusted so that the firing polnt of the
tube ie 28 high as poasible, One of the best methods of maling the
adjustnent nakes use of the cecilloscope by conneeting 1 ncroeas Ghe
cathode reglotor of VI to observe any trigger produced, Start with
maxinu blas and repeatedly dap;aaa pusi-button number one. Keep
decreaslhg the bias until the trigger ie observed on the osmcilloscope
when the tutton 1s lepressed, Repeat thie operatlion wlth the mnine
other integer pvsh-buttons, continuouely decrseasing the Hias if a
puseh-button falls to 1initiate a trigger. The biss lg nov adjusted
correctly and need only be readjusted for gae-tube reslacement.

The FLIP _FLOP BIAS controls the blapg of the "riggers aopllied
to the flip-flops, and therefore is an indirect control om the
effective trigger amplitude, It normelly should be s2t 1o that the
bilas 6 -].5 volts.

The -6 VOLT BIAS controls the blas on the de.ay steges and
ie thereforethe most direct control on the trigger ampl. tudes., I3
ie normally adjust ed for a voltage of -6.6 volts, howaver, alight
deviatione in tube characterigiles may requlre a elight 1.djuetment of

this voltage for beat overation.
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The remaining adjustmente and checklng are simplified by
using the pulse source so that the actions of the clrcuits mey be
observed on the synchroscope. The pulse source shoald be connectad
to the grid circuit of gas tube V2 in some manner so that the gaa tube
is fired at a continuous rate. The exact connection depends so much
upon the gource impedance and the pulpe amplltude, no standard may be
ol

When the gas tube is firing correctly, the CLEARING PULSE
AMPLITUDE control should be adjusted so that the oloaring pulse rlses
one or two volts positive with roepect to ground. If the
gate-generating flip-flop, V9, ie operating correctly, it should Je
poesible to observe the sawtooth shape of the readlng pulse at the
suppressor terminal of any of the gate-peaker stagss,

A convenlent check may be made at this point %o determine
if the whole chassies 18 working correctly. Pusbing any one of tha
integer push-buttone while the gae tubs clrculte ars being pulsed
at a continuous rate givee the same effect as puvshiag the button
many times with the circuit working normally. Thle corresponds to
entering a decimal number that has 21l digits alike. Pacauee the
last n digits of a decimal pumber determine the la:i n digits of :he
equivalent binary number, puehing a singlo integer button six timas
will eet up a pattern on the six lighte that will remsin the eams
regardless of how any more times the same button is deoressed.

The same pattern ie obtalned if the buttor i@ nushed while the gas
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tube 18 being fired by the pule- source. The correct patterns ere

ae followe:

Integor Pattorn
0 000000
1 000211
e 001110
3 01001
4 011100
] . 100011
6 101010
7 110001
8 111000
9 111111 A
If the circult does not produce the atove patterns eg the

glven digit button ie pushed, 1t will bs necesgepary to adjust the
SAWTCOTH AMPLITUIE and -5 VOLT BIAS contrcls to grt the triggere at
the correct amplitude to operate ths flip-flops. 'ae SAWIOOTH
AMPLITUDE control is used to adjust the adding pulues from the plate
circuite of the gate-peaker stages to the same size 28 the carry
pulses from the screen circuite of these stages. Ihe -6 VOLI BIAS
control c_ha.n;:ea’the amplitude of all triggers coming from a delay
atage.

iIf the circuite did not produce the co-rect patterns on the
ipnitial attempt, it is best to concentirate on one particular pattern

for adjusting purooess. It i then possible to chock pulse amplitudes
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and flip-flop operation to determine the maladjustment, In observing
flip-flop operation, it 1s usually best to oput a mall capacitor of
about five micromicrofarads in serles with the oscilloscape prote
to preveat disturbance of the elrcuit overasloa. However, when the
circuite have been correctly adjusted, a probe of twelve micro-
microfarads capacitance neually produces no ill effects on the
operation.

Drawing A-30584, page 59, showa the waveforms thai &rc pro-
duced at the plates of the flip-flope and their trigger inout
terminals when the number one button is depressed. Unless there le a
defective circuit componment, an adjustment of the SAWTOOTH AMPLITUDE
control to equalise the sizes of the adding and carry pulses, ard
the -6 VOLT BIAS control to make them the correct amplitude, will
meke all the flip-flops operate correctly. Similar waveforms mey be
figured out for the other fixed patterns, but when the adjustments
have been made so that the circuit works correctly for one pattern,
it usually operates satisfactorily for the othera.

When the circuits sppear to work correctly while beling
contlnuouely pulsed, the final check is made by disconnecting the
vulse source and pushing the buttone., The correci pattern should be
formed after pushing a button six times and ehould not change by
additional pushing. If this teet checks correctly for all the

integer push-buttons, then the entire circuit is working satisfactorily.
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CHAPTER VII

Summary of Results

The completed unit demonstrates that the uz;inciple of
operation of thie type of decimal-to-binary corverter is sound,

The system makes uee of & ten-key tyvme of keyhoard which Inhereanily
has a higher speed of overation than the matrir-type of keyboard.

The keyboard wiring is simple, meking 1t vnossible to add contacts to
a standard adding-machine keyboard sc that the input numbers could be
recorded. The length of a connecting eable 1s not critical, per-
mitting 'the keyboard to be operated from a locetion separated from the
converslon unit,

Although relsy circuits could be desizned to perforam the
operations required in thie type of converasion eystem, electronic
circuits Nossess advantagee. With the particular cirouits tha% were
designed, the time of operation of the circuite is negligible when
compared to the possible time of operation of the ceyboard. The
type of carry eystem that was used recquired an additlonal unit of time
for the circult to complete its operstion for eaci addition binary
digit. VWith these electronlc circuite, several thousand blnary
digite could be used before the time of circuit operation would begin
to become comparable with keyboard operation time. If relays were
used, a high-speed type of curry system would be necessary for the

-

system to possess any practicelility. The olsctirgde clroulibs ure
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. saslly adaptable to use with an innut data system that possessez a
very much higher operating lpee.d than a keyboerd. In its preszent
form, the unlt recuires nine tubee in the initlating and converaion
circuits, and two and one-half tubes (using twin %ricdes) for each
binary digit in the reglster stage. It le doubtful if relay circults
could be built to occupy less epace.

It wae known from the stert of thie project that this
particular eyetem would not handle the convereion of any nuwbers
that had digits to the right of the decimal point. I{ was felt that
if numbers of such a nature had to be used, they could be multiplied
by appropriate powers of ten used as scale factoras to shift 211 digits
to the left of the decimal point,

Although the circuits that were deeigned for the unit work
satisfactorily, they do not necessarily represent the ultimste in
deelgn. They do demonstrate that the detalled block diegram of the
eyetem ie satisfactory. Most of the testing was done using
electronically regulated power supplies as power sources., Tests
ueing unregulated supplies were not eatisfactory bocause the fluctu-
ations of the particualr supply voltages used wers independent of
each other. It is believed that the circuite can me made to
operate from unregulated supplies if changes in tha gs-c line vollage
produce proportional changes in each of the three (-c supply voltages,

One of the chief canses of uneatiefactory cperation before
correct adjustment was due to the fact that the fli.p-flop stages are

sensitive to trigger amplitude. Thie is not a new problem in their
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deslgn and & satiefactory solution 1s still beins gought by nmeveral
other groupe working in the field of electroni:z coiputere. One
solution is to use an additional stage of empll’ic:tion for the
triggers that would have a limiting effect anil would tend to keep
the trigser output & constant emplltude., Such a eclutlon requires
additionsl components for each stage in the reglseter and the added
complexity 1e not Justifiable. The author bellever that additional
experimentation with the flip-flop parameters will provide a eatis-
factory eglution for this particular anplicatim.

Although this theels presents & posialble solution to the
problem of converting decimal numbers conteinlng vhole digite (no
digite to right of decimal point) to their equlvelent binary
number, work still remains to design a system that will handle any
kind of a decimal number. In addition, there stil) 1s the problem
of deslgning a satisfactory system to convert blnary numbers
(including those with digits to the rilght of tie binary point) inmto

their decimel equlvalents.
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AFFENDIX

Representation of Humbers

The decimal system utillzes fen as the number base and
therefore has ten digits (0, 1, ...9). Zach placs in = decimal

nunber represente a power of ten; the digit in a jerticular place

telles how many of that particular power of ten are present, For

example:

; 2 2 1 0 - -2

420.34 = 4x10” § 2x007 4 ¢x10° ¢ 3xl07 4 lxlO

The binary eystem is used in a simila” manner, except
two 18 the number base, reguiring only two digits 0, 1). ¥or
axample;

3 - 2 1 0 .. i -2
Binary 101.11 = 1x2° ¢ ox2t 4 1x2Y ¢ 1074 ¢ 122

Decimal to Binary Converesion

One of the moot obwvious methods of converting a decimal
number to its bilnary equivalent ie to extract pows"s of two from

the number, therefore finding the binary components. For example:

Decimal number gY
extract 2° _b4
s 20

extract 2" 10
4

extract 22 -
0

Therefore, 84 = 265- 2“+ 22, and the binary equivel :nt 1s 1010100,
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A pimpler epyctem starts by dividing tle decimal numbar by
tvo and noting if there is a remainder, If a remainder is nrasant,
it indicates that there is a 20 component in the number (the nu. .cr
is odd). If such is the case, a 1 1 writien ae .he right-hand
digit of the equlvalent binary number. Ths dividend of the firat
operation 1s divided by two and the remainder cf :nls divieion
(0 or 1) 1s used as the next binary digit., This second division 1s
the equivalent of dividing the original number by 22, and a re-
mainder of 1 indicates that there is a 21 compenent in the numbsr.

By contlnuing the process, that is, dividing tbe -essult of each
previous division by 2 and noting the remalnders, the complete
binary equivalent of the decimal number can be found. Here ls an

example of the method:

Divisions Remainders
2_)__& 0
2) k2_ 0
2) 21_ 1
2) 10 ]
2) 5 1
2) 2 0
2) 1 1

As before, the binary equlvalent of EU is 1010100,
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Addition

The process of addition in the binary system 1lg eir np
to th t used in the docimal system, that is, when the sum of two
digits 1s greater than the largeest integer, & carry ie added to she
next coiumn. For examvle:

Binary Addition Table

04070 14071
0+1:21 141210

Sample Additlon

Decimal Binary
Carriee 11 11111 11
Addend 886 B 110111011.0
m . TRF - Tt

The same type of reasoning may be asplied to the processes
of multiplication and divieion in the binary syetem. in each cas=m
vhe actua. urocess being a simpler operation In the binary systen

then the decimal system,
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Report R-12% ‘ape "

ADSTRACT

This navar outlin:s ever=2) mothods thot can te usad to coeavert
shnft rotetional rosition ¢n bincry nunder. Since sconomy of enuivnent
reouires tht one conversion urlt servo for ceversl shafta, selecilve
electronic switching is necnasary. Several of the sugrested commonante
are deseribed in =ome detai A mathot by which gshaft rotation ia nearcucrco
in terme of the Trecuendy o° a variabdls oscillaior annears to ba th2 meat
vromieing annroach.

Some consideration ie given rlgo to the converae nroblem %
converting & binsry nuaber ‘0 22 electrical magnituda,

IRIRODUCTICH

The Whirlwind digstal commutrr must receive inmat Informa:ion
from the rotationsl moaitior of mechenical shafts. The shalie can He grouncd
for convenience into twn tyrves accordire to the degree of gabdivision requirsod
of the associated informatirn. The fire-subdivision tyme requires outons
numbers that sre smooth to ] pert in 1C00 to 5000, whila the® coarss-pub-
divislon type requires a maximum subdisision of 1 »art in 100 to 500, Tha
fine-subdivieion shaftn ere subject to high velocitlee and nccelera:ion; th
coerge-gubdivision shafts are moved rel-tively slowly. Thae Jine-subdivialy
type can tolerate some drift in zero pcsition nnd calidration slope whi
stable chrlibretion may be desirsble Cor the coarse-subdiviglon type This
clagsification is somevhat £3 tificiel tut 1s uzeful in any congldert.tion o7
pogaible mrthoda. There may be a toital of some 48 differen; coarse subd: . 7i
shafte and 8 fine-subdivielcn shafts,

The paramrters aseocisted with the shafte rmat he furnishuod to th
comouter in binary number form. Thie reswort is concernod chiefly w!th
devices that can convert sheft nositinn into binary numbe:,

In view of the large aunber of shafta involved 1t Zg desirable thit
many shnfts share the same convarsion unit on the bagin of gequence or othe
sultablo controlled switching. The nurder of converslon wn'te requirad cnl
the maximum time that can be 2llontted far = converslon ruat be such that anci
prremeter can be read every 1/20 second. If there ip to e Just onn coarar
subdivision unit, the maximum time per comversion should not exceed 1 miil!
gecond. 2.5 milliseconds has boen chossn tentatively ss whe correstondin
time for a fine-subdivision conrersion. One section of this renort cons!
the possibilitr of much higher zonveraisn spe=ds.

The arimary information sourcss conslidered incluie mechanical -wi
contacts, a varlable freouency nignal aad d-c notentials, PFredlems asaoc:s
with multinle-apead data are alro investigated. The purnoac of the ravori
to make a preliminery etudy >f these dilferent poapibls conversion nathods
The study outlines and describen design reouirements and sur eata peasible
2olutions for the associated components. Idens that might rosaidle orove
useful have been included even “hough tiiry do not ammear to be immediatol:
aonlicable. The lest section makes specific suggestione for the next gions
in the necessary develooment. The outvit convereion problens are clogely
similar to the input requirements and one section of this report is concerc
with the transition from binary number o slectrical magnituvde.
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MCFANICAL COWITTR

This proonaal in olves the vee of brush contacts or cam—mer:
lepf awltches. It is arvl cable only tn conrse-subdiviaioa shafte and
should not be extended to ;ive numbore ereater ther. 128 or 056 at she v
most. The maximum snesd o: the controls mus% be small and changes infre
nuent.

One such arrangerents 1a ahcwa schemeticelly ia Tigure 1, Eight
binary digits (0O to Z55) aie nrovided by elght cam-onersted switchos. The
cam discs are mounted in :ets of four on two shefia. (Thoge disco are
shown sbove the unmer carr -ovar "inion in Figurs 1. The switches have
been omitted from the drawing),. The first shaft acvancea the awitches 6
digite ver revolution. The second shaft 1s counlec to the first br a
nmechanical cerry-over pinicn &1d edvances 1/16th trrn each revolution of
the firast shaft. "hile the sezond shaft is in motion it moves &t {(he somo
sbeed sa the firat sheft.

The circuit achenati: is shown in Figure 2. The outout pldes of
corresvonding digit switches of differant varametere are connected to &
common digit lines which les1s 0 & gaty tube. The input sides of £1l digzit
switches for one perameter ire connect:d together to » line from ar elsc
tronic selection switch. Ia order to ~rad & number, the electronic switch
iz set %o the deaired varamate:, £ geis vul=e is ernlied gpimultanecusly to
ell digit switches for this matameter, 2nd & clock vulse, trsnemitted throue
the gate tubes, then reads the number into thr bus.

Actually, to avoiil anmbiguity at the transition edges, twr seis o
awitches ere needed. In ™ ~ure 1 theeo are denoted Set & £nd Set F. Set I
dunlicrtea awitches 21 to 27 inclusive of Set A; tha 20 ewitch is not dun
licated. All cems B are 11iyned with each other 2nd disrlaced ore d;git
in ohase from the corresvonling cams o A. A1l cema 4 21 to 27 ars elignec
each other. Cam 22 ig disv.acnd one-hnlf dipit fron the other cams of Set
This vheeins ig shown in Flmure 2 (cama 24 to 27 omnitted) The mechanical
carry-over for P eswltchea 2° to 27 muss also be dlsdlaced 1 digit in nhege
The schrmetic for the comae:tions for each verameter is chown in Figure ¢
In this way, the numbers ad-ance only rt the trrnsitlons of the 22 switct

o reesdings Are vrasible during the fMy-ovrer tim~ nf swltich 20.
If the total fly-over tinme -enresents sny elgnificant fraction of the totnl
operatinon time, this swltch shculd he ¢ flin-flop controlled by a brush
contact, or else other methids should be used.

The method haa th: acvantager of mermanency of celibration, linearly:
eage of testing and, 7o<eib y most immertant of all npotentially hizh readin
sored. The unit orobably cculd be designed quite compactly, ovarticilarly ir
brush contacts were used. 'he disndvantages consiniaf the limitatiine alre
mentinned, snd present unce: tainty witr: reavect to nwitch 1life and relianili -
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VAR AR] T-FRUQITIVCY M7ITHODS

Here shaft onositlnn contrnla the frecuensy of a variable-
freocuency oscilletor. The conversion unit conaiata of switching arrange-
ments, 2 fixed cryastal osclllator, nulee=forminz clreuits, and twvo
counters. One counter rec:ives varinble=frecuency rulses corresnonding
to & o rticular shaft nosi:lon; the o<her crunter =eceives the filxed=-
freouency crystel oscillatir pulsea. The nrramete~ 1s re~¢ into the com-
ovuter bus from one of the counters,

There are four dlfferent arrengements fnr obtaining the number.
These well be called A, B, C, and D. Mathods A end B time a fixed number
of variable-frequency pruleis, the parrmeter being =ecd from the clock nulas
counter. Methods C &nd D :ount the numbar of wvarinble-frequency pulses in
a fixed time interval, the varameter then being rend from :ha varizble-
frecuency counter. In metiods A and D the varameisr number decresses with
increasing numbers of coun:s. In methods B and C ;he parameter number
increases with increasing 1umbera of counts. Theas four arrangements have
different linearity, stabl .ity, and time cheracteristics, Methods A end B
recuire a clock rulse rate which 1g higher in frequency than the variable
frequency, while with methids C and D, the variable frequency is higher.
The relations between the jeveral variables involvod are derived in the
following section.

1, Fundamentel relstions

Method A
Let r = number of variable nulee intervels being %imed - & conatent
f = variab.e nulse frequency.
fo = clock 'mlse freousncy.
n = total number of clock oulses counted.
Ny = maximu! number of clock nulses crunted.
F = oarame .er number,
T = time riguired for the count - ¢ variabla.
Then N =n,-n ngaconz=tant, frnd v = % = :lf._.
Let k = tuning range factor, i.e., fm;:: = kfﬂ;_ Sumose also
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thet r veriable cycles cen be timed to » precision of 7 where € ioa

fraction of a variable cycle. If the 7aximum uncertainty in tSiming le

to be no greater than 1/2 ¢ clock pulee interval (i.e. 1/2 digit) then

e 1.
s - i
f::lin zfc
Tmin = %o Mlso T = rex Tmin
rf rf | re
But R % o e S a-Y
max ~ g - T k
min ‘max min
ll
" Toix fc (1 - K’

The resulte listed in colum A of Teble 1 follow directly from
these relations.
Mathod B

In this case n, = the ninimun number of clock nulses counted, all
the other difinitione being the same, and

f_".a.‘:
N = n-:o"nn(—;‘“’ —l)

The results are similar (or iderticsl) to the vrevious case and are listed
in column E of Table 1.
Method C

For thie case let

r = the number of clock pulses used for timing - a constsant.

n = number of variable pulses counted

ng = minimum number of variable oulees counted.

n=n-n, paramater numbe:

T

time of counting, conmtant
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Suppose ag before that r clock cycles can be timed to a nrecislon

of $ where € ig a fraction of a clock vulese cycle. If the maximum uncer-

g
(]
tainty introduced by the timing is 1/2 diglt, then
S & &
fe fmax
or fo = 2 fp.x aleo r= T8,
B |

These relations lead to the values listed in columr. C of Teble 1.
Method D
Here n, = the maximum number of variable nulses counted and

FEn. -0 = nyl-% I

Tnax
The results are listed in column D,
Reagonable velues for K and € appear to te k @ 2, € = 1/10 (26 cegree

Comparison of methods

Which of the four methods 1is nrefersble dapends to some extens on the
=tability characteristics of the oscillators. Assuming that all the oscill-ters
a=soclated with a single conversion unit are identic~l and that uncertainty in
frequency 1s due to a2 fixed uncertainty dC in cepacity, Method A is best. For
N = 0, dC causes iE tines the percentage uncertainty in frequency that the
same. dC caueee 2t N = Npax. Thus referring to tabls 1, colum A, (aN)y . o

1
z - (d!}lz —_— & reagopable result. Each of ths other methods is lesns
k mex

fevorable, D baing worst.
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On the other hand, if %i ig constant over the tuning range,
methods B and C are nreferable to A. B hag the ndwintage (over C) of having
lower variable frequencieg, for which %{ may be exnccted to have lower copatnn
values. Actually, howeverr, ;E 1s not likely to be strictlv constant over fhe
tuning range, and Method C hag the advantage thet ipip 1e a@ssociated with
¥ = 0 where the uncertainty dN should be small.

If a single conversion unit has associated with it a few varancters
recuiring large Fpax &nd many narameters requiring eporaciebly smaller Nyay,
Method C has some advantages. Thud dC may be anrrosimately comstant for any
one oscillator but the dC for the small Npax necilletors mey be larger than
for the lerge Npax Osclllators.

Stability teats of actual osclllators car best decide the choica.
From the peint of view of the pulse~forming circuite, it anpears advantageous
to bave the variable pulse rate lower than the comstant cloclk nulse rate.
There is 1ittle to choose between the four methods with respect to the counting
and reading problems, or linearity.

Oneconsideration cen be mentioned which vlacee an apnarent restrictlon

on the minimum size of rmi « If a control ie chenged very repidly, undesiratle

n

transients may be set un. Supnose a shaft is turned through the whole tuninz
range in time t. Assuming that the rate of change of frequency is constent,

it is readily shown that the maximum fractionsl chense in frequency in the t1.-
(k-1)
of one cycle is o To svold transients thia: quantity should be much
: min
emeller than '1(5 of the oscillator. If t is of the srder of 1/5 sec and f,,4, i

in kilocycles this requirement 1s well fulfilled.
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2. Numerical examplesg

Fine subdivigion. Method A.

Sunnoee
Npax = 5000 k =2
Tmax ® 2000 sgec € =0.1
Then

f. = 65 MC pulse rate

fmin = 1 MC vulse rate
foax = 2 MC
r - 2000

Toin = 1000 psec.

For ¥ =0 and af = 1/2

Allowadle drift = 50 cycles
- Allowable fractional drift = 20300
For N = 5000 and dN = 1
Allowable drift & 400 cycles
Allowable frsctional drift = 5?(1;_5

In order that the timing process shall no: introduce an nneertainty
greater than 1/2 digit, counting gates accurate to 1/10 msec are required.
The clock counter must onerate with an innut pulse rate of 5 MC. The uncer
tainty of end-carry delay of the variable pulse counter must be lese than 1/10
Jsec. The line between the control oscillators and the converter must carry

einusolidal freouenciee between 1 and 2 MC.
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Coarge subdivigion Method A

Take

nm

“Tmin

For N =0

= 400

= 400 g sec.

= 2 MC pulse rate
= 400 KC

= 800 KC

= 160

= 200 nsec.

and dN = 1/2

Allowable drift

Allowable fractional drift

For N =

400 and

Allowable drift =

Allowable fractional drift

The timing process should not introduce vncertainties greater than

1/4 usec.

Yery coarse subdivision High Speed -~ Method A

Suppose
Nmax
Tex
Then
fe
Toin
Tmax

2

= 26 ysec

= 5 M
= 1M

= 2K

me

50 cycles

e
1600

000 cycles
1

400

my

0.1

Page 5.
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Toin - 13 msec

For N = 0 dy = 1/2
Allowable drift =~ 3.9 KC
Allowable fractional drift = q—i-;
[ipls]
For N = 45 aw = 1/2
Allowable drift < 15.6 KC
1
Allowable fractionsl drift - 1‘2‘5

Timing must be eccurate to 1/10 ksec.

Maximum over-all time ., 20 . secs.

Very coarse gubdivigion Small tuning ranga. Method A

Suppose
Bpax = 64 k = 1.4
- 2 = 45 yeec € = 0.1
Then
fe = 5 MC
fmin = 1 MC
faax 1.4 MC
r = A5
For ¥ =0 ay = 1/2
Allowable drift = 2.2 KC
Allowable fr-sct.‘»omal drift = A—i:
For N = 32 an = 1/2
Allowable drift = 4,1 RKC
Allowable fractionel drift = Zé)
. The two very-coarge-subdivision examples 2re useful in comnsidering

the possibilities of multiple-apeed data discussed i1 another section.
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Towin - 13 meec

For ¥ =0 aN = 1/2
Allowable drift T 3.9 KC
Allowable fractional drift = i)
For N = 45 av= 1/2
Allowsble drift = 15.6 KO
Allowable fractional drift - I:_B

Timing must be eccurate to 1/10 msec.
Maximum over-all time ., 30,.secs.

Yery coarse gubdivigion Small tuning range. Method A

Suppose
Brax = 64 k = 1.1
- g = 45 pysec € = 0.1
Then
fe = 5 MC
fmin = 1 MC

foax = 1.4 MC

r = AS
For ¥ =0 dN = 1,2
Alloweble drift = 2,2 KC
1
Allowable fractional drift D —
- 45)
For K§ = 32 am = 1/2
Allowable drift = A,1 KC
Allowable fractional drift = —i
32)
. The two very-coarse-subdivision examples >re useful in considering

the poesibilities of multiple-speed data discussed 11 another section.
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The odd values for r in these examnles resresent only typical
minimume., Larger r values require higher valuee fo- elther fin and fe

or for Tmax.

3. ock die

Pigure 5 shows a block diagram of a complote fine-subdivision unii
aesuming the constanta of the first example and with ewltching provided for
8 separate innute.

Agsume that initially FFl, FFZ, FF3 are all et zero, so that CT2
is open but GTL, GT3, and GT4 are closed. Counter No, £ rends 96, the reset
value, and Counter No. 2 has accumulated 2 value for N. A read-out oulse is
received. This triggers FF FNo. 1, opening GT1. The next clock nulse passes
through GT1 and GT2, resets FFl, and reads N into tha hus., After delay throus!
DE3, counter No. 2 is reset by the seme pulse.

Recelpt of N 1s followed by an order setting the selection awitich
to the next parameter to be read. The read-in pulee from the bus sets FF2.
The next variable pulse resets FF2, setting FI'Z and ovening both GT3 and GT4.
Thus timing always starts at a definite (and very em:ll) time after a variable
vul =e. *F3 is reset, storning the count, by the fas: end-carry pulse from
Counter 1.

CT2 and DE2 insure that Counter 2 ie not —-ead until GT4 is closed
and complete carry-over has taken mlace. If the schoeduling of read-out nulses
is such that ample time 1s always 2llowed for the count, ¥F1 and GTLl and 072
can be omitted or arranged instead to ooerate the alurm in case of incorrect
timing.

DE5 must be sufficiently long to allow fo: switching transients
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Change of pulse rate may cause a change in d-c restoring levele in the
variable-freouency pulse shaving circults, and a consequent slight changs
in phage of the pulse with respect to the pulse cycle. Investigation should
be made to see whether this phase change is apnrecicrble and how rapldly it
becomes stabilized. If the required DEF ig long, 1% may be preferable to
order the next selection switch setting before reading out the accumulatad
H.

Figure 6 is a block diagram of the fixed--frequency counter 2, Unlese
the vrogram scheduling requires great ecomomy ¢f tine, high-gpeed carry-over 1a
not necessary. The output getes are arranged to rend the complement number
into the bus and switches are nrovided by which the inltial reset reading can
be chosen.

Al though counter 2 may recelve as many as 10,000 nulsee during o
measuring period (where N = 0),0r1r 13 ratkher tien oY stages ewc regvirvec, 1r the
time required for end-carry through counter 1 is E,f:imau (including any
difference between the setting and resetting times of FF3 and the associated
gates), the correct initial reading for counter 2 i3 the binary equivalent of
638l. If N 1s 1000 the counter receives 9002 vulse: increment and thus reads
6381 plus 9002 lese 8192 not indicated, or 7191, Thie 9's complement of this
number is 1000, which 1s read into the bus. The 8192 not indicated doee not
leed to ambiguity bectiuse the minimum reading et th2 end of an accumulstion ig
6381 ++ 5000(Np.y) 4 2 = 11383, and is thus always over 8192,

Filgure 7 is a corresponding diagram for counter 3. High-speed
end-carry is escential, Switches which control the reset valus are con-
venient in an exnerimental model but could be omittad from the final deeimm

The block diagrams for a coarse-subdivielon unit would differ frap
Flgs. 1, 2, and 3 only in the number of inpute to b> swltched and im the numbe,,

of stages of the counters.




PPROVED FOR PUBLIC RELEASE. CASE 06-1104.

6345
Report 3-129 Prge 13

4, Ogeillator

Clearly the success of the method denende primarily on the deslgn
of the oscillator. The allowable drift requirements of the fine-subdivision
example given in section 2 are very difficult to meet over long neriods of
time. However, the fine-gubdivision control will have the necessary smoothnesc
provided the instantaneous rate of change of N due to random frequency shifte
does not exceed 1/2 digit per 1/20th-second reading interval, or 2 digite ver
second averased over a second. The stabllity of calibration probably would
be satisfactory with a steady drift rate of 25 digits per hour (at all positions
of the control) vrovided this 1s meriodic with time of dey or temperature.
The oscillator of any good communications receiver or signal generstor meete
these relaxed requirements provided that there are no sudden changes of
sunply voltages end provided that it is not subjected tc mechanical wvibretion

Figure 8a shows the schematic of a simple type of oecillator with
the requisite short-time stebility, This is a modification of a circult by
K, A. Pullenl. The modification consists of increasing the cathode resictor
from 600 ohms to 6K and in operating the grids at a d-c potential of about
22 volts rather than at ground. This cha.nge results in strictly class-A
operation and a high imnedance mcross the tuned circuit. The static char-
acteristic giving the relation between e, and e, (see Figure 8b) ie shown in
Flgure 9 for two different plate sunply potentials. The characteristic ig
sultebly bent to produce amplitude etability without drawing current from
either grid. The very slight change resulting from a 309 increase in plete

voltage ie aleo notable.

1. X. A. Pullen - The Cathode-Counled Amplificer, I .R.E, 34, P. 402, 194¢
This reference was called to my attemtion by Mr, D. J. Crawford
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Chenges of nitch of the order of 100 cycles or mnre are nroducsd by shunting
canacitances across the 92-ohm termination, e2lthough no quantitative messure-
mente have been made. The mechanical rigldity of the chaseis was not sufficient
to mermit a good test of the effect of changing tubes. Change of n few kilo-
cycles/sec (10 to 20 digits) seems likely.

The following modifications are desirable; A coil having an
aporeciably higher Q should be used. Pogsibly the fixed wiring loases ere
such that & somewhat higher L would give a better compromise between high
over-all Q and high C. A temperature-compensated LC is desirable. Coll
manufacturers should be consulted for suggestions. The bilasing arrangenent
shown in Figure 6 is poor because the filter condenser C3 becomes part of the
oscillating circuit. The best Q is obtained if the low side of the tuning
condenser 1e placed at the DC bias potential by comnecting it directly to thas
low gide of L. If this is mechanically inconvenient, anmother voesibility is to
place both L and Cl at DC ground potential and connect %their high sides to the
grid through s blocking condenser. The DC bias would then be supnlied to the
grid through a one-megohm resistor.

An apvroximate analytical investigation eould be made of the phage
shift of the feecback vol tage 1t may prove preferable to provide feedback
through a 100-muf dblocking condenser and a reelstor connected either to the
plate of V1B or to some point nearer B}.

An inherently poor feature of the design ie that it places the
cathodes 2% relatively high RF and DC potentiele. “n & reeult the heaters my
cause some 60-cycle frequency modulation., Although the audible heterodyie noteg
which were observed were very clear, this is not & very adequate test. .. tegt
for 60-cycle modulation could be made easily, whon a complete counting syeten
is magsembled, by starting the timing interval at different vointe of the €0-cycle

veriod, Changes of the heater by-pass condensers produce changes of frequency
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A guitable transformer should be used tc drive the output line
rather than a cathods follower. The transformer must not discriminate betweer
1 MC and 2 MC, but it need not reproduce a sinusoidal wpveform, and somo
peaking is tolerable,

By far the greatest difficulty is likely to be exmerienced with the
mechanical design of the tuning arrangemente and ckassis, In order to have
frequency emoothness, great rigidity, excellent beerings, and freedom fronm
vibration are necessary. Genersl Radio or Cardwell might be comsulted %o
advantage.

The oscillator requirements for the coarse subdivision unite are
much lees stringent. Possibly an output transformer can be used as part of
the plate load and an output tube avoided. An electron coupled miniature
pentode oacillator with a compact LC ie another deeign poseibility. A Vien
bridge oscilktor (if the frequency is sufficiently low) would have the
advantage of giving a linear %—\dth a linear-C variable condenser. This
results in a linear N (Method & or B), Even with the coarse-gubdivision
requirements, some noticable drift and change of calibration with tubes in
likely ~ particularly if the unit is reduced in size and vompromiges are made
in 1te design.

S. Switching

Figure 11 shows a gating method for 8 inmputs, This circuit has
not been tested (even statically), end the constants are tentative, Bach
6ASE 18 intended to recelve signesls of .5 to 1.5 volts RMS. The gate selection
equare wave drives the suppressor to zero bias. 1t must have a duration of
nbout 2,5 millisec. The screen-dropping resistor is introduced to 1limit the

screen dissipation when the tube is cut off. The acreen potential has a tips
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constant of about 1 sec. (during its rise).

There are meny other gating methods vossible which are more
exvensive with reanect to mower or tubes,

If there are as many as 48 invuts to be selected, these can be
grouved in 6 sets of eight. ¥ach set of eight has & common plate resistcr end
drives a second mixer tube, The eix second-mixer tubes in turn have a common
plate resistor.

The pulse shaping circuite present no unusual problem excent fhat
they must be preceded by one or two stages of video amplification.

Circuite have already been desligned for cryastal-controlled vulse

generatore.
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D-C POTENTIAL-DIVID®R MTTHOD

The simplicity and linearity of potentioneters meke them nt.trnctivcj
sa control elemente. These features may be particularly important for eome 0!
the coarse-subdivision parameters.

A d-c voltage can be converted to & time interval, If & counter
recrives nulses at a constant rate during the interval, an avoroorirte binary
number is produced. A block diagram with suggested constants is shown in
Figure 12,

D.C e and Switch

Figure 17 shows arrangements at the control stationamd Figure 14 )
the aesoclated selectinn method. All crthode follower grids except the selectod
one are kept below ground notential by the clamping triodes. The input line to
the conversion unit has a maximum time constant of " axgec. After FOusec the
outout voltage across the common cathode resletor will be within 0.15 of its
final value.

Figure 15 gives measured denartures from linearity between divisions
of a control potentiometer and the output cathode vcltage. The potentionetier
was & finely divided leece and Northrup 22K slide wire. The devarturee indicated
are comparable to the uncertainty in the readings. Varilations of 10 vol:s in
the zero reading snd 1 or 2‘5 in slope mey be exnected for different tubes. Vith
reguls ted heater voltage, longe-time stability and cver-all linearity wichin
+1/24 geems feagible, With m emaller number of inruts, & higher cathodn

& resistor and a lower transconductance tube can be used.

Higher-speed switch arrangements are shown in Figurai 16A and B,
They are naturally more exnensive of power, end the extra cathode {ollower of
Figure 16B introd-ces additional uncertainty.

Application of negative feedback could be applied more readily to
the selection switchi-g if en e-~c carri-r were employed. However, unless thre
feedback can be returned to the voltage divider iteelf, the loss uncerteintiers
in the line (at the necessary high frequency) would result in decreased cver-all
precision, .

imi Circui

The delay multivibrator can be & low-preclsion self-restoring type.
Since the read-in oulse to the selection ewitch may ce too short to produce
proper triggering, TT1 may be neceseary. This 1ls conveniently a 6AC7 with
1te plate connected to the normelly high plate of the multividbrator.,

Pigures 17 2nd 18 show circuits for the pweep generator &nd amnlitucs
comparator. Except for the slight modification of tuwo time consteants, theose
circuite are the game as those given by Chance®. It may be necessary to telke

* B, Chance. Rev., Sci. Inst. 17, p. 400 and p. 403, 1946, See also
Radiation Laboratory Series Vol. 19, Chaps. 5, 7, 13; Vol. 20, Chap.5
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the sweep outnut from the cnthode of V2B rather thar from the grid in order
to bhave sufficiently low impedance to drive the pick-off circuit. In this
case, some tailoring of the linearity nrovision will be neceseary.
Linearity of about 1/10% is possible. The stabllity should be satisfactory
if the pick-off dlode is operated with a regul-ted heater supnly.

The counter must be reset to a value belcw zero determined by the
time required for the sweep to reach the zero-roint voltage.

Several other timing circuits are nossible alternatives. (Sea the )
references cited above). In particular, a phantastron might be more economicae:
of tubes and Possibly more accurate. Its delay value 1s not quite as conven-
iently controlled, eince a current rather than a voltage is required.

MULTIPLE-SPEED DATA

Feirly precisc inforartion can be obtained by proverly combining
two or three sets of relatively corrse weighted date. For example, if a
unit dial gives a number accurate to 1 part in 32 and a sixteens dial (driven
at 1/16 the speed) gives & number to the same accurscy, the combined inform-tion
is accurate to 1 part in 512, The reading device muat have proper rules for
interpreting the data. Two such proceases are discuseed here,

"Saw-tooth" data

Suvpoge that each dial has a strict linesr saw-tooth outout of
information whichk after annropriate conversion avverre as counter readinzs.
For illustration, consider first a decimal system. The units readings procres:
uniformly O, 1....9, 0, 1....9 with continuoue rotation of the control. The
tens readings are given to tenths of a tens digit, although they are not
necessarily correct to better than ¥ 4/10th of a tens digit. The fractions
are for correct rounding off only., The tens informs tlion is staggered 5§ unite
(.5 tens) with respect to the units information,

With the control at zero position thes unite dial reads O, the tens
d1al 0.5 (¥ 0.4). When the cortrol is advanced e true increment of' 27 anita
the units deel reads 7, the tens diml 2.2 (} .4). Surnose the anmarent tengs
reading is 1.9. To obtain the correct tene digit tke rule is: add to the tens
dial a number of tenthe equal tc the tens comnlement of the unit reading and
then discard the fraction. Thus 1.9 - (10 ~ 7) x 0.1 gives 2 for the correc
tens reading or 27 for the answer. On the other hend, if the aomerent teng
reading is 2.2 then 2.6 4 (10 = 7) x 0,1 still giver 2 or 27 for the anaver.

This procedure is easily carried out with binery counters. As onn
poenibility, consider the following speed allocatioras.

Control Knob 64 digite ver revolution (8 rev.for 512 totnl' 15
Units dial information 32 diglts ver revolution 2x
Sixteens dial information 512 diglts per 288° of revolution or 1/10x
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The ratlo of the units end sixteens speeds is 20 rather than 16 becanse the
sixteens information does not extend over a complete revolution.

Figure 19 shows the counter arrangements in the conversion unit.
The sixteemscrunter conteins 7 stages so that it registers sixteens and eighths
21 8 sixteensdigit. Consequently the sixteens information must be correct to
I 3/Bths of a eixteen digit; thot is, the informaticn conversion error must
never be greater than 1 pert in 43 of the full scale valus. The gequence of
operations is as follows:

1. Read into both counters simultaneously through GT1 and GT2, which
are controlled by the assoclated information,

2. Read into the units register from the units ccunter,

3. A round-off ovulse sets FF3 and ovens GT3. Clcck oulses are added
simltaneously to the unite counter and to thr sixteens counter,
the latter nulses being reduced by a fector of 4 by FF10 and FFll.

4. TFF3 ie reset and GT3 closed by the end carry from the units counter.
5o A read~out pulse reads the positions of FFOO through FFO8 into the bus.
€. The counters and registers are cleared.

"Hill-gnd~dale" data

Here, the units date uniformly increase with rotation and then
uniformly decrease at the same rate. Two sets of such units data, diaplaced
in phase, are necessary., This ig illustrated in Fijure 20 for a 32 scale.
The two sets of unite data are denoted A and B. 360 degrees of rotation
correspond to one complete up-and-down cycle, and A and B ere displaced ae®
in phage. The sixteens data are given by C. The wrlue of W represented by
the ABC deta is given in the figure below C. The zeros of A occur for N =
=17, 47, 111.... The zeros of B occur for N = -1, 63, 127...., the gero of
C for N = 7. The rules for comouting ¥ from the ABC date are also given in
the figure. Notice that, as before, the C reading (the sixteens digit) cen
be in error by as much as f 7/16 of & sixteen digl without changing the
computed answer. Actually the A and B lines may be rounded or interrupted at
the top and bottom of their cycle so that the allownble C error may be some-
what less than * 7/16 of a sixteen digit.

The computed N is easy to cbtain from binary counters. Three
counters are used. (Two or one can actually be used provided time ie not
a consideration), The A end B counters are always reset to ~1 (11111). The
three s=ts of data are converted simultaneously; the A counter reads (A-1),
the B counter reads (B-1), the C counter reade C, Uates associated with the
first two stages of the C counter determine how the 1inal reading is to be
obtained, For example, 1f C = 3 the bus receives the A counter reading and
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the C reading. If C = 4 the B counter reading is substituted for the A
reading. If C = 1, a single vulee is added to the A counter; the bus

then mceives the C reading end the 9's complement of the A counter rending.
Similarly for C = 2, a pulse is first added to the B counter, and the B
complement is then read out to the bus, By this choice of phasing for the
original data no carry-over between A (or B) and C 1s needed.

Appropriate Sourcesg

Unfortunately, 360° eaw-tooth data are difficult to generate vith
mechanical motion, particularly if reversibility is necessary. Ideally, the
discontinuity should require infinitessimal motion, or megligible time for the
trangitions. Four potentiometer arrangements meet this requirement with
varying snccess-.

1, Two ordinary votentiometers (for examnle GR 214A 10K) can be fitted with

bridges for 370° rotation, mounted back to back, and staggered in vhrae
by about 70°, so that one contact arm or the other,is always on a winding.
This 19 represented schematically in Pigure 21A. Small reeistors V end W
keep the two contact srms at the same potential while they are simultianeously
on their respective windinge, excent during a 10° over-lap section wherr
the T contact is at the high and the X contact at the low end. Sl in
cloged excent at and near this high-low over-lav. S2 flips over in the
middle of the high-low over-lap to create the saw-tooth discontinuity .
Sl and S2 are cam-operated micro switches. This arrangement 1le easlost
to set up with standard egquipment. TFaulty results are obtained if the

i control 1s read during the flip-over time of S2, This time 1s of the order
of € milli-seconds, and if the control has very adequate subdivision
(1 part in 500) for the paremeter revresented, this may be unimportert

2. Higher transition sneed is obtained with the arrangement of Figure 213,
The potentiometer windings are arranged to have only about 3 degrees of
high-low overlap. Sl is & eliding contact driven by the votentiomet r
shaft and is closed excent for 5 degrees including the high-low overlan.
In this case the discontinuity (during decay) hes the time constant of the
line through about 12K or perhaps 6 _wsec. Slightly over 1 time constant
will take the voltage below the zero point, say 30 volts. The rise time
1s much more rapid. Thig method broadene the zero vosition of the vot-
entinmeter to some 5 degrees, which ie not sericus for 1-in-32 units date,

o
-

A speclal potentiometer can be comstructed with a very amall gap betveen
the high and low ends. The contact arm shorts the high and low ends
during transition, and & switch similiar to 51 opens the surnly voltage
at and near the cross-over, Thie has the advantage of requirin just one
potentiometer for the unit data. The transition times are similiar o
those of arrangement 2.

4. A svecial sten attenuator can be constructed with nerhapvs €64 steva. "hie
is shown in Figure 21C (with B gtens) . The contact arm muet short adjacent
contacts during a transition.

Hill-and-dale data can be obtained from & continuouely wound
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potentiometer tarmed just 180° spart. It can also bs obtained from a Helipot
with high and low tane placed alternately and uniformly along the winding.

A rotating condenser with symmetrical pletes provides hill-andv-ﬁfs}_ﬂ
data which can be used for frequency control. The raquisite linearity for &<
subdivieions should be vossible, pvarticularly if the tuning range ias smell

4pplication to Fine-Subdivision Information

If difficulty is experienced with the stability of the fine- .
subdivision oscillator when its turning condenger ig subject to mechanical vibratir
some consideration may be given to the value of multiple-speed data, particularly
if apolied to just a few of the shafts. Unfortunately there ie not much advaniage
to be gained unless the data of each of the two speeds are given to abou’ the cam?
precigion. (For example 128 "units" given to a precision of 1 part in 128 and
64 "tens" glven to a preclsion of + 0.4 of a "tens" digit). This leade o ur-
favorable gpeed ratios unless a servo is avallable to drive the units shaft
There might be some value in ueing a condenser with 2 many-vaned rotor and
correspondingly divided etator. Thie is likely to lead to a low tuning ratic
if the required linearity (for the tens) is maintainasd. Another possibility i
to use 3 shaftes at 3 different speeds, with precision, say, of 1 in 32 for each.
This would require N, = 64. The last two numerical frequency examplee (see vag?
7, 10), with k = 2 or f 4, are apoliceable here. A single parameter in this way
requires 6 separate oscillators and a corresponding number of awitching arrange-
ments, a high price to pay for & possible gain in smoothness and speed. While
potentiometers are simpler than oscillators, they cannot be driven at high wvelccitr
by a servo-motor.

HIGH-SPEED POSSIBILITIES

It would be convenlent to have the conversion time from electrical
magnitude to binary number so short that the computer, after requesting &
particular reading, could wait for the answer before continuing other operations
Unfortunately the required time appeares to be prohibitively long unless &
sevarate counter is assoclated continuously with each shaft.

The mechanical counter described at the beginning of this revort rag
adequate gveed provided low-immedance video cable ie used for all the multiple
gate leads. A pingle flip-floo and two assoclated gate tubes could replace the
mechanical two-way switch shown in Fig. 4.

The directipn-sensitive pulse generator and reversible counter describsi
in HLE Report Ho. 3 could be apvlied to either fine or coarse-subdivision shefig.
The reversible counter circult should be modified by aoolying the high-spesd cerry
method to progression in either direction. Engraved lines, 200 to the inch, on o
light aluminum disc could serve ag the primary information source. Thig method
is too expensive to apply excep! under unusual circumstances, but it has the
requisite speed for immediate reading.

The variable~frequency method and the d-¢ eweep method both involve
the accumulation of N by counters receiving successive unit incremente. If the
maximum reliable counting rate is 5 MC/sec (vossibly thie is too conaerviitive)
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the time for a reading can never be less than goc. If Npey 1e large, the

time can be reduced by multiple-gpeed data. With the number of counts ae small
ae 32 (as in the hill-and-dale d-c method) and the switching time (at considerable
expense) reduced to 2 usec, some 10 pyeec would still be required for an answer-
(The intervael between readings clso must be sufficient to allow the sweep cir-
cuits to recover).

D-C_Step-Comparigon Method

An alternative d-c conversion scheme may Hecome more attractive as
development proceeds. This is shown in Figure 22, It mekes use of the circuite
used to generate a d-c deflection voltage for the storage tubee®. At present,
the maximum degree of subdivision for theee voltages is 1 part in 32. This unit
is called the d-c generator in the figure. Its output voltage depends on the
readings of the 5 flip-flops. Assume that a parameter reference voltage hasg been
selected and made avallable to the amplitude comparaior. With all the flip-flops
off, the pulse distributor opens GT04 and GT1l4 and scnds an add pulse to FIO4.
The d-c generator sets up & voltage of 16 unite (in _ess than 2 eec), If 16
units exceeds the parameter voltage by ae much as 1/2 unit, a pulse sppears from
the comparator which resets FFO4, returning the d-c zenerator to zero. If 16 is
less than the parameter voltage, F¥04 remains set. 'The pulse distributor next
opens G103 and GT13 and sets FFO3. The generator seis up 8 units (or 24 if
FFO4 is still on), and the amplitude comparator responds with a subtract pulse if
this trial walue is again too large. This procees i3 repeated untii all 5 flip-
flops have been explored. The final binary number avvears on the flip-flops and
mey be read out to the bus through gate tubes mot shown. The amplitude comparator
can be of the same type as that given in Figure 22 provided ite recovery time is
made sufficiently short. A high-voltage crystal should replace the 6HE comparigon
diode.

Tne time required for a step comparieon o7 thie tyve 1s likely to be
about 2 Jsec ver binary stage, or 10 sec for subdivision %o 1 in 32. Thie time
is comparsble to the d-c sween method. If the d-c generator can be extended to
&ive finer gubdivisions, step comparison becomes increasingly advantageous. The
comparetor probably can be made to operate reliably with a discrimination of 1/2
volt; thue the upver limit for subdivisione cannot bo made very large, even if
otherwise possible.

OUTPUT DISVICES

Thie section Bmlldﬁl‘l,. quite briefly, some of the related output
problems.

The output of the comnuter must control the readings of many meters ang

several gervos. Most of the meters provide readings to an accuracy of 1% or legs,
and presumably can be actuated by d-c voltages. Deta ewitching is agrin deeirap),

*John 0. Ely. Engineering Notes No. E-31
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Both the d-c sweep method and the d-c step-comparison mathod are
quasi-reversible, while the variable-frequency method apparently cannct ba
directly apnlied to the output problem. Figure 23 indicates how & d-c swoep
method can be used to convert a bimary number to a d-c voltage. This ehould te
compared with Figure 12, The circuit operates as follows.

1. Agsume all outvut ewitches are open, the counter alaared.

2. Set the selection switch.

3. Read the binary number into the counter register.

4, The read-in pulse after DEl closes the gelected normally
open output ewitch by means of ite eesociated flip-flop.

6. Cl now can discharge through the lov impedance of the
sweep amplifier. CZ2 doees not follow the discharge of Cl
very rapldly becauge of R. Cl is considerebly larger than
c2,

6. After DE2, FFl is set. This starts the sweeo, and simultaneourly
the counter receives clock pulses. Cl rises in potentinl with
the sweep.

7. The fast end-carry from the counter first opene the output
switch, isolating Cl, and then stone the saw-tooth sweep.

8. C2 charges from Cl, and the vacuum-tube voltmeter reade the ou’-
put voltage until the next time information is avallatle.

Two changes would be desirable. The sweep properly should be
interrupted, and the maximum voltage held on the sweep condenser (rather than
being diecharged) while the output ewitch is still open, in order to allow Cl
to reach equilibrium. Probably a way can be found to do this which sgtill doas
not interfere with the atiict linearity of the sweep. Properly R should be re-
placed by a normally closed switch that is opened curing the rise of the swoep
and then closed again at the top. Thie adde conslderable expense, however,
and suitable compromises of time constant may be prgsible. Some manner of
retaining the intermittent information other than on condensere would certainly
be desirable.

Figure 24 glves an output switch suggestion. Thie has a long closing
time but a short opening time. Figure 25 shows an almoet conventional gwoep
amplifier. The cathode follower supply for the ascreen of V1 may not be warranted
in view of other uncertaintiee in the method.

With careful development, this method probably can give accuracies of
the order of 1%. The time required for the conversion is comparable to that e
quired for the input conversion. A step d-c generstor lilke those used for the
deflect’on circuite of the storage tubes is to be rreferred to a sweep, vrovided
the necessary subdivieion is possible.

For readings that must be given to an accuracy of better than 1%,
multiple weighted data should be used. The probler then becomes cne of desig: ing
meters and servos which operate with multivle date and which properly internr:s

the weighting.

In some cases the expense of a separate binary reglster which is ]y,
assoclated with a particular servo-driven outout shaft may be warranted. The
servo must be able to interpret the counter as well as to make changes in the 1,,.
ing as the error is reduced. The methods desoribed in HLE Report No. 2 arg
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expensive, but are applicable to such a problem.

DEVELOPMENT SUGGESTIONS

The variable-frequency method appears to be the most promising aa an
input device. Development should start with the deslgn and testing of a fine-
subdivieion ocecillator and aleo a coarse-subdivision oscillator, with soms
attempt to simulate actual cockpit mechanicel requirements. Construction of a
fairly complete fine-gubdivision unit is warranted unless meanwhile a still more
promising aporoach is formulated.

If manpower is available, the system of Figure 12 would be inftereeting
to study eince 2 Helipot is to be preferred to an oscillator if it can serve
adequately Some preliminary experimental work could be done on vpotentiometer
sources for multiole data.

1f the programming of the computer would be significantly easior with
converasion times of §ueec or under for most of the coarse-subdivieion informa-
tion, then wome investigation of switch contacts and cabling might bs underteken
in connecticn with the mechanical counter propoesal.

RPS/og H, P. Stabler
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