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SUBJECT: BINAEY COUNTING V1TH :l/GNET1C CCEES

To: N. H. Teylior
Froms C. A, Buck
Late: December 6, 1951

Abstract: [agnetic materials sulteble for muiti-dimensional memories
have recently become csacdidetes for circuit elements in
other perts of & digital computer. Their possible uses in
binary counters end as rulse-operstec getes ere being con-
sicered.

A, INTFOLUCTION

In a binery edder any one of the stages, except pcssibly the
first and the last, must be prepared to interpret a combinetion of UNI's
and ZERO's on three inputs and supply @ ONF or ZERO to each of two outputs.
Two of the inputs ere the éigits to be acded ana the third is the carry
from the preceding stege; the outputs rre the sum cigit end the cerry to
the following stege. The relationship between the input combinetion of
ONE's anc ZERO's anc the output combinetion of ONE's anc ZFERO's is the
well known binery addition table. If e stage receives a cerry from the
prececing stage enc et the same time trensmits ¢ cerry to the following
stage, 1t is seic to "propagete" the cerry, anc the carry is thought of
as pessing through the stege. I1f e stege has no carry es an input but
does have & carry es en output, it is seid to "originate" e carry, enc
conversely, if a stcge has a carry input but no cerry output, it ie then
seld to "block™ the cerry. These definitions will be usec¢ in the follo-
wing discussion.

B. COUNTEES

Counting 1s e speclel cese of addition in which one of the
eddends is always unity. In counting however, unlike in accition, only
the lesst significent stege cen originete a cerry. All other stages
elther propegate or block e cerry. The cerry cen be thought of es orig-
ipating in the leest significent stage enc propegrting up through the
stages until it 1sg biocked; having been blocked it cannot stert agein.
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The cerry cen proragete through eny number of steges in the
counter from none to the meximum number. The corry propogetes thro:gh
no steges on alternete counts when unity is awced to an even number ena
merely changes the least significent digit from ZEFO to CNE, anu the
carry propegates through the maximum number of steges when the counter
exceecs its modulus, or "overflows". The latter cese in many ways sub-
Jects & given counter cesign to its most aifficult opereting concitions.
The cerry, as it propegrtes up the entire liength of the counter, must
maintein its emplitude end waveshape to en extcnt that will allow it to
accomplish its ecdition function at eech stege. In this cese, elso,
the greetest smount of time is requirea for the cerry to come to a stop
so thet the counter cen be read., Since no knowlecge of the count is
assumec et the time of rceding, the maximum carry propegetion time must
be sllowed efter each enc every count.

The problem of meking the cerry propegete rericly hes been
temporerily deemphasized here in view of the more funcementel problem of
meintaining the amplituce en¢ wsveshape of the carry es it propapates.

At present, it seems cesireble that for ell except very short counters
the carry be amplifiec in some menner es it goes from stage to stsge,

end since it is hopec that the obvious expecient of putting e vecuum-
tube emplifier between steges can somehow be eavoiced, & smell-scale
investigetion of possible techniques of getting the carry up through

the steges was uncerteken., The progress to date will be briefiy reported.

Counters are often diviced intc two categories: those in which
the carry is regenerstec by each stege es it flips over from ONE to ZEIO,
endé those in which the carry propagates through getes which ere controlled
by the verious steges. iogicelly the two ere icenticel, especially when
the regeneration by eech stege of a counter of the first type 1s thought
of es & gating action. The distinction, however, exists, enc the counters
in the first category are called "progressive-carry" counters while those
in the second cetegory are cellec "geted-cerry" counters.

1. Progreggive-carry Counters

In progressive-carry counters the carry, as it enters a stage,
cauges the stage to trigger, that is, to change to ONE if it conteins
ZEFO or to ZERO if it conteins ONE. In the letter cese, in which the
stege changes from ONE to ZkRO, the cerry is re-shapec eana celivered to
the following stage. This process contimues up through the stages until
the carry comes to a stege which alreedy conteins ZERO. This stage is
chenged from ZERC to ONE anc the cerry stops. The power gein of each
stage is utilized in the re-shaping process so that the carry propegates
without ettenuation,

To date, magnetic-core counters in the progressive-carry cate-
gory are regtricted to those which use a high-frequengy magnetic amplifier
type of flip-filop. One stege of & counter representetive of this cless is
shown in Figure 1. Levelopec by Computer Fesearch Corporation, it wes
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precedec by e similer cevelopment by Ingineering Iesearch lLgsocisates.
Robert Pfaff, o S.li. thesis stucent with the group, is at present invest-
igating the possible use of a counter of thls type in an spplicetion
agssociatec with the M.1.T. Servo lLeboretory Milling Machine Project.

2, Gated-carry Counters

Gated-carry counters (Fig. 2) ere those in which each stage of
the counter operates e gate which controls the carry. Figure 2a iilustretes
one stege of & getec-cerry counter in which, efter a short delesy, the flip-
flop is tripgered by the carry entering the stege. If the stage contains
ONL, the cerry hes time before the flip-fiop triggers to pass through a
gaete which is helc open by the ONE-side of the flip-flop. If the stage,
on the other hand, contains ZERO, the flip-flop is trigpered, but by the
time the gete on the 6NE-side opens, the carry pulse, which is shorter
then the delay, diseppears anc 1s not propegeted to the following stege.
Figure 2b illustretes one stage of & similer gatea-cerry counter in which
the flip-flop need not be capable of triggering. Two getes insteec of
one, however, are reqguired.

A scheme hes been workec out (Fig. 3) to use pulse-operatec
magnetic cores in this latter configuretion. This is actually a four-core
stepping register arranged so that the output feeds beck into the inrut.
The logical opercrtion will be Gescribed here, but the circult cesign
considerations will be covered in the section on pulse-cperated megnetic
getes. Magnetic cores numbered 1 snd 3 are the flip-flop and cores 2 ena
4 are the getes of the gated-carry counter. Among the four cores of a
stege, there is but a single ONE and three ZERO'as. The single ONE will
always lie, when the counter is at rest, in either core number 1 or core
mumber 3, the two cores of the fiip-flop. If the ONE lies in core number
1, the flip-flop contains ZERO end if it lies in core mumber 3, the flip-
flop contains ONE. The carry input pulse is mace into two power pulses
which are displaced in time one from the other by the delay. The first
of these, power pulse I, drives the information from the odd-numbered
cores into the even-numbered cores (flip-flop into getes), while the
second, power pulse 11, crives the informetion from the even-numberec
cores into the odd-numbered cores (gates into flip-flop). The single
ONE, then, will circulate eround the loor of four cores once for every
two carry input pulses. Each time it rouncs the benc at core number 3,

a carry is sent to the followlng stege. A carry can also be teken from
core number 4 which will be celayed from the carry from core 3 so that

the celay can be eliminsted in all but the first stage, only emplification
being neecec in succeeding steges. The vecuum tube amplifiers shown coulc
probebly be elimineted for a very short counter, es alreacy mentionec.

A four-core stepping register of this cesign (minus cerry output leads)
was constructec by the group. Uslng ferrite cores, it wes sble to count
et a rate exceeding 100 KC.
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C. TPUlSE-OPEFATEL "ACNLTIC GATL=-AVTLIFILLS

At this point we cepart from counters temporerily to investipete
the possible use of rulse-opereted magnetic cores to replece the vecuum=
tubes as cerry emplifiers and getes.

1. A Simple Coincicence Gete

Cne scheme which suggests itself is to epply & power pulse end
a pulse to be amplified simulteneocusly through wincings Ny end Ny, of
Fig. 48, in such a way that the power pulse alone ia not enough switech
the core but the combinestion of the two pvlses will switch the core.
As the core switches, the instenteneous power delivered by the power rulse
is the product of the instentaneous voltege end the instantanecus current

in winding N2. Symbolically, p2= 0212=N242 %%. SimiJerly, p;=e;i;sNjiy g%
a
and the output power p3=esizNgig gg Since, during switching, the s%
at.

is common to all windaings, the power going into each of the two criven
windings is proportional to the ampere-turns of that i1incing, and since
the power going into these driven winaings must go soncwhere, it goes
into the loac, supplying the output power. The requiioment governing the
empere turns in the two driven windings is thot their wum slightly exceed
the knee of the hysteresis loop. The retio of rower-rillse empere-turns,
Noin, to the pulse-to-be-amplified empere-turns, Njij, vight be made
erbitrerily lerge anc therefore it would appear thaet the power gein is
limited only by the degree to which the emplituce of the power rulse can
be controlled.

When the hysteresis loss of the core is consideied, however, the
inebility of the scheme to provice power gein is clearly s:en. The hyster-
egls logs in the core, fHdB, is the erea of the hysteresis loop. As thils
gate opersotes, moving from one residual point on the hyster:sis loop to
the other, one heif of the hysteresis loop eres must be cisiipeted in the
core. The power-pulse ampere-turns, Nzlp, cen be thought of (Fig. 4b)
as supplying a fraction of the hysteresls loss which is erbilrerily close
to, but never greater then, unity. If the power ruloe were 1o supply
more than just the hysteresis loss, the core woulc switch on this yulse
alone, thereby cestroying the geting ection of the core. The pulse to be
amplified, then, suprlies the rest of the hysteresis loss plus the rower
delivered to the load. Clearly, as in the cese of a conventional trensformer,
there can be no power gain.

2. The Hervard Gete-Amplifier

A pulse-opersted megnetic gete which doeg heve & porer gain
(Fip. 4c) has been developec by the Herverd Computetion Leboretory. In
this scheme, the power pulse end the pulse to be emplified ere not errplied
gimulteneously, and they ere each large enough to switch the ctre. The

pulse to be amplifiec 1s first applied, switching the core from ZEI
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the top of the hysteresis loor, the core's rest stete, to CIE on the
bottom. Vhen the pulse to be amplifiec is removed, the core is lesd

et ONT on the bottom of the loop, where it will remein until the pover
pulse is epplied. The power pulse, eprlieu so as to produce flux in the
opposite direction, switches the core beck to ZEEC, anu the gate is once
agein in its rest position. The presence of the rectifier in the loed
circult effectively removes the load when the pulse to be amplifiec
switches the core but reconnects the loed as the power pulse switches

the core in the oprosite cirection. This allows the power pulse to supply
power to the loed ss well e&s one-half of the B-H loop area, whiie the
pulse to be emplifiec merely supplies the other haif of the B-H loop area.
If the pulse to be amplifiec¢ is cefinec as the Input to this core anc the
pulse delivered to the load is cefineac es the output, it cen then be seia
that the core gives a power gein. Geting action is achieved by virtue

of the faect that if a power pulse comes elong without having been prececec
by & pulse to bo amplified, the core, which is elreedy on the top of its
hysteresis loor, will move from ZERO to "a" anc back ceusing e negiigible
chenge in incuctiecn and therefore no pulse in the load., If it is essumed
that at the time of a power pulse one does not know in which state the
core lies, then there will or will not be a pulse in the loac depenaing
upon whether or not a pulse to be emplifiec came elong. The rulse to

be emplifiec, then, cen be thought of es s geting pulse.

This gete, besice provicing amrlificetion, has the most cesirable
feature that neither the pulse to be emplifiec nor the power pulse neec be
measured pulses. They are only requirec to exceed e minimum velue, above
which they cen heve eny velue whetever.

An interesting feeture of this gaete is that oniy one pulse can
pass for each gating rulse, & feature which might be usec to acventage
in en applicetion such as & push-button rulse synchronizer in which en
asynchronous pulse is usec as the geting pulse anc the first clocl: pulse
to come along after the geting pulse is used as the power pu’se. All
subsequent clock pulses would merely drive the core from ZLFO to "a" and
back, the gate being "off", In this epplication, the gating pulee would
have to be larger in empere-turns then the power rulse so that it coula
overwhelm the power puise in the event they coinciced with one enother in
time.

This is the gate used in the magnetic stepping register anc
in the getec-carry counter elreedy described. It has the obvious cisad-
ventage that e time celsy is requirec between input enc ocutput. If, in
the gated-carry counter elready describec, this gete were usec to replace
the tubes usec to emplify the cerry between steges, a succession of these
delays woulc be required in order that a cerry propaegate the entire iength
of the counter.
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3. A _Current-Bisged Gate Amplifier

Still enother magnetic-core gete hes been cevelopec which is
turned off by e current through one of its windings (Fig. 5), in & wey
analagous to that in which & vecuum-tube is blased off by e negetive
voltage. A lerge m.m.f. due to the control current, i,, will hold the
core in a region where there is a negligible induction change for e
given change in power-pulse m.m.f. In this region, the power pulses are
effectively disconnectec from the loasd since coupling is by chenges in
induction. Furthermore, there will be 1ittle voltage across the control
winding, Ny, and the power wincing, N,, so that a negligible emount of
rower will be suprlied by these circuits vhen the gete is "off"., Removal
of the control current, i,, asllows the core to move to its residuel
induction point on the bottom of the hysteresis loop and the gete is then
said to be "on". If, when the gete is "on", & positive pulse followec
by & negative pulse occurs in the power winding, Ny, the core will go ~
aroundé its hysteresis 1 and the resulting incuction chenge will celiver
a positive and negetive pulse to the load. The control circuit, delivering
zoro current, will absorb no power. Subsequent peirs of positive end
negative pulses in the power winding, N,, vill deliver pulses to the loed.
These peirs cen, in fact, be sine waves, if it 1s desired merely to couple

to the loed, as would be the cese if the loed were a panel lemp in
an indicator circuit. A veriation is to have a single positive pulse
which will act as in the gate previously described coupling a single
pulse to the load and then no more until the gate is turned "off" and
then "on" again.

This gate hag been extended to a scheme in which a core can be
bilaged off by eny number of control windings, each of which acting alone
is enough to hold the gete "off". K. Olsen has eprlied this to & multi-
position switch in which the control wincings on & mumber of cores are
connected as & matrix so thet ell of the cores except one are biesed off.
This geting scheme is the basis for & "carry-matrix" type of getec-carry
counter yet to be cescribead.

L. A_CARRY-MATRIX COUNTER

Teking adventage of the fact that the cerry progresses through
the steges of a counter, triggering each of them, untili it comes to a
stege conteining ZFRO which it tripggers end then stops, we cen use the
gete just described to control the cerry. Consider & metrix of magnetic
cores (Fig. 6) in which there 1s one core whose responsibility it is to
propegete the carry to each stege. These c¢ores are connected as gates
in such a way that & ZERO in any stege of the counter will blas off ell
of the gates leading to higher stages. This scheme involves the use of
flip-flops which cen be trirgered. An extension of this (Fig. 7) uses
tyo cores instead of ome to propagate the carry to each stage. The
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etege 1tself blases one of the two cores off. The output of one of the
cores sets the flip-flop to ONE while the output of the other sets the
flip-flop to ZERO. The whole thing is so arrenged thet if the flip-flop
is ZFRO it gets set to ONE or if it is ONL it pgets set to ZERO, and
therefore need not be capable of triggering.

This concludes the discussion of counters. 1t was felt that
the informal appendix at this point is & useful wey to introduce some of

the design problems end techniques.
1
s1cury_ dudbey 4. LBk
Ludleyv/. Buck

ATPIOVEL WMD
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Appendix 1, Pages 8-10 (Lrawings SA-50622-3-/)

Appendix 11, Page 11 (Lrawing SA-50625)

Lrawinge Attached:
Fig. 1 - Lrawing No. SA-50617, Page 12
Fig. 2 - Drawing No. SA-50618, Page 13
Fig. 3 - Lrawing No. SA-50619, Page 14
Flg. 4 - Lrewing No., SA-50620, Page 15
Fig. 5 - Lrewing No. SA=-50621, Page 16
Fig. 6 = Lrewing No. SA-50532 Page 17
Fig. 7 = Lrawing No. SA-50561, Page 18
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