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3,683,355
MAGNETIC LGGIC DEVICE
ngeibart, Palo Alto, Calif., assicnor to Stan-
ford Research Instituste, Pale Alto, Calif,, a corporation
of California
Fiied Feb, 9, 1959, Ser, No. 721,985
7 Claims, (CL 340—174)

This invention relates to circuits employing magnetic
cores and, more particularly, to improvements therein.

‘Toroidal magnetic cores of the type having substan-
tially. rectangular characteristics, or two states of stable
remanence, have found extensive use in the information-
handling field. The cores are interconnected to operate
as memory devices, shift registers, or logical circuits.
These cores are toroidal in shape and have a single hole
1n the center. ¥t has recently been found that by placing
additional holes in the toroid beside the center hole, the
magnetic core exhibits some extremely useful properties.
These will include nondestructive readout and can permit
the construction of shift registers without the diodes.
See Patent No. 2,818,556 to Arthur W. Lo for Magnetic
System, issued December 31, 195 7, and an article entitled,
“A High-Speed Logic System Using Magnetic Elemenis
and Connecting Wires Only,” by Hewitt D, Crane, in the
January 1559 issue of the IRE Proceedings, page 63.

One of the factors which has mitigated against the ex-
tensive use of multi-aperture magnetic cores is that their
manufacture is quite difficult. The multi-aperture core
material is usually a magnetic ferrite and not a metal
wrap. The die emploved for making the multi-aperture
device cut of the ferrite material is quite expensive. Fur-
thermore, there is extensive wear on fne dic and core
breakage during the process of manufacture.

An object of this invention is to provide a magnetic
circuit which employs simple, single-path cores for obtain-
ing results similar to those obtainable with multi-aperture
or multi-path cores.

Another object of the present invention is the provision
of a novel and useful circuit arrangement employing
simple magnetic cores.

‘Yet another object of the present anvention is to pro-

vide an arrangement of simple cores for simulating multi-
aperture core arrangements.

These and other objects

Of the invention may be
achieved in a circuit which, by way of example, can simu-
late a magnetic core having two apertures in the sides
thereof besides the central aperture, by means of three
cores. These three cores have two stable states of mag-
netic remanence and can be driven or switched from one
to the other of these stable states. A second of these three

cores, however, has a higher switching threshold than the
others. An input winding is wound on a first of the

three cores in one sense and thereafter on the second of
the three cores with a relatively opposite sense.  An out-
put winding is wound on the second of the three cores in
one sense and thereafter on the third of the three cores
with a relatively opposite sense.

Initially, the cores are cleared to the same stable
remanence condition. The application of a current to the
input winding in the proper polarity and having an ampli-
tude to exceed the switching threshold of the second core
can cause both the second and the third cores to switch
their stable remanence condition. Current applied with
the proper polarity and an amplitude to exceed the switch-

ing threshold of the first core can cause the first core

to be switched away from its initial state of stable rema-
nence without causing the second core to be switched
back to its initial state of stable remanence. To reset all
the cores, a clear winding is wound on the three cores
with the same relative sense. A clear current must have
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a sufficient amplitude to saturate all three cores strongly
1 the clear direction. . |

The novel features that are considered characteristic
of this invention are set forth with particularity in the
appended claims. The invention itself both as to its organ-
1zation and method of operation, as well as additional
objects and advantages thereof, will best be understood
from the following description when read in connection
with the accompanying drawings, in which:

FIGURE 1 shows 3 circuit diagram at a basic magnetic
array in accordance with this invention. |

FIGURE 2 is a curve representing the input character-
1stics of the magnetic array shown in FIGURE 1.

FIGURE 3 is a circuit diagram of two basic magnetic
arrays shown for explaining a transfer operation,

FIGURE 4 shows a circuit diagram of a shift register
in accerdance with this invention. |

FIGURE 5 is a circuit diagram of two basic magnetic
arrays arranged for an inverting or complementing trans-
fer.

FIGURE 6 is a circuit diagram showing the basic mag-
netic array having a plurality of inputs and providing a
plurality of outputs.

Reference is now made to FIGURE 1 which shows a
basic magnetic circuit array in accordance with this in-
vention. This will include three cores, respectively desig-
nated as a first core 10, a second core 12, and a third core
14. These cores may be the commercially purchasable

types of magnetic ferrite cores, but if desired, other suit-

able single-path magnetic elements may be employed as
well. Therefore, the word core is not intended to mean
only a toroid. It is also intended to cover other forms of -
magnetic elements having the properties required for
functioning in the embodiment of the invention. These
cores may have two states of stable magnetic remanence,
with preferably a substantially rectangular hysteresis loop.
Further, the cores must be capable of being switched from
the one fo the other of their two stable states of stable
remanence. The second core 12 may also have a higher
switching threshold than either of the cores 19 or 14.
Such higher switching threshold may be obtained ejther by
using a larger second core or by changing the turns ratios
of windings common to both the second and either the
third or first core, as will be subsequently described. In
any event, when it is indicated herein that the second
core has a higher switching threshold than either of the
first or third core, it is intended thereby to include any
arrangements which may be employed for obtaining such
higher switching threshold.

A pair of input terminals I6A, 16B are connected to
an Input winding 18. The input winding is wound
first upon the first core with one sense and then upon
the second core with an opposite sense. In order to main-
tain simplicity in the drawings and explanation, the wind-
ings will be represented on the drawing as being coupled
to the cores by a single turn. As is well known in the
art, the number of turns used for switching a core de-
pends upon the core material, the size of the core, or the
amount of driving current available. Output terminals
Z0A, 288 have connected thereto an output winding 22,

which is wound upon the second core 12 in one sense and

thereafter upon the third core 14 in an opposite sense. A
pair of clear terminals 24A, 24B have connected thereto
a clear winding 26. This clear winding is wound upon all.
of the cores in the same sense.

Let it first be assumed that a current is provided from
the clear current scurce 39, which flows in the direction
of the arrow along the clear winding 28, and which has
an amplitude sufficient to establish the three cores in the
same state of remanence, which will be known as the

clear state. The clear state is represented by the solid

arrows going in the clockwise direction adjacent to the
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Ccores. Referrmﬂ to FIGURE 2 of the drawmﬂs there 1s

shown the. input characteristic or hysteresis curve for the

cores as seen in terminals 16A and 16B. Data-current-

source pulse height is the variable for the horizontal coordi-
nate, and the net flux-linkage change seen at the terminals

16A and 16B due to each pulse -height value, for various
~ initial conditions of the array, is the variable for the verti-
cal coordinate. With all of the cores initially in the
 clockwise-saturated state, which is the cleared state for

~ the array, the curve A, B, C represents the input character-
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get back the ﬂui{ lmkaﬂes required to put the array in the

set state by issuing a negative-current pulse. This cur-
rent flows down through core 12, which tends to switch it

 back into its clockwise state, and flows up. through core

10, which tries to switch it away from its present clock-
wise state. Since core 1§ has a lower switching thresh-
old than core 12, the curve D, E, F by which the fiux-

linkage condition seen from terminals 1¢A and 16B
" is returned to its original value, represents the switching

10

istics as seen from the termmals 15A and 168 for posi- -

tive currents in the direction shown by the arrow in FIG-

URE 1. Characteristics for negative 1I1put currents, from

the . cleared state of the array, are not pertinent at this - |

 time. After having driven an initially-cleared array be-

15

vond point C with a positive input current pulse, we say |

that the array is in the set state, and assume a residual
state on. FIGURE 2 at point D. Further positive input
current pulses accomplish no switching. Negative pulses
produce a characteristic corresponding to curve D, E, T,
and we will return to residual state A as far as the flux-
linkage history of the input windings is concerned. How-
ever, from this new state, called the reset state, positive
input current pulses irace out the characteristic curve A, G,
H, with residual at D. Alternate negative and positive

pulses will continue to trace about the loop D, E, F, A .

G, H, D, etc. from this pomt on.

To explain. these characteristics in more defaﬂ let us
assume that source 30 has once again issued a clear cur-
- rent of sufficient magmtude {0 saturate all three cores
-of the array strongly in the clockwise direction. 'The

arrow is now in the clear state, once again at pomt A of
FIGURE 2, and let us assume that current is applied to-

the input winding 18 from the data-current source 3Z.
The input.current flows in a direction in the input wind-
- ings as denoted by the arrow. ‘The direction of this
current is such as to. drive the first core Ef further into
saturation in. the state of remanence in which it already
is. However, with respect to the second core 12, in
view of the rev&:rsed coupling sense of the winding 1s
upon that. core, the tendency of the

lVF‘ currem is fo

20
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of core 10 all by itself.. Similarly, the curve A, G, H
subsequently traced by positive currents from the data
current source represents the reverse switching of core 10
all by itself. When all of the cores of an array are
reversed from their cleared state, the array is said to be
in its reset state. |

When the arlay is in either the set or the reset state

it is considered to hold a binary one, or to be in the one

state. In the cleared state, the array is considered to
hold a binary zero, or to be in the zero state. If it is de-
sired to determine which of these two binary states the
array of FIGURE 1 is in, a current may be caused to

flow in the output winding 22 in a direction to switch core

14 to its remanence state with the flux therein in a clock-
wise direction. In FIGURE 1, as shown by the arrow, this
current will flow down through core 4 and up through

- ¢core 12, which direction tenas fo switch core 14 clock-

wise and core 12 counterclockwise. If the amplitude of

 this current is greater than that required to switch core

30

14, but less than that which would swiich core 12 and
through it core 10, then the siate of the array can be
determined by the result of this current pulse. If the
arrav had held a one, core 14 would switch and a voltage
would be induced in the output winding 22, which could

be detected. If the array had held a zero, no switching

and no. induced voltage would result. I‘I neither case
would cores 12 and 16 be aﬁpcted by the 111termﬂat10n or

- readout current

40

alter. the flux in the core toward the point B on the -

curve shown in 'FIGURE 2.
exceeds the amount required for switching. the core (in-

dicated as I; on FIGURE 2) and passes the point C on
this characteristic curve, then as current is removed from

the input winding, there will. be no Further: flux-linkage
- switching and: the array settles to the residual point D,
which is the state of remanence. oppomte the point A. At

this time, the flux. in core 12 will be in a counterclockwise

mrectmn as represented by the dotted:arrow in FIGURE
1. As.a result of the core 12 being switched, a voltage
is induced in the output winding 22.

dotted. line, will-enable a current to-flow through this out-
put winding 1n response {0 this voltage in a direction down

through. the core 12 and up through core 14, This cur-
rent. will. seek a countering voltage to that induced by-
~and to get this it will exceed ' -

GO

the switching of core 12
the. amount. requlred to smtch core 14. The mnet flux-

lmkage change in the output windings must be zero after
a given pulse from source 32 is over, and so, disregarding .
inductance .and. resistance effects in the output winding,.

we. say. that core 14 switched as much of its flux in a
counterclockwise. direction as did core 12. The states.
of-the. two cores are now as indicated by the dotted arrows

When the drive current.

-- clear 5ta

It can be seen from the descnpﬁan of the character—

istics of FIGURE 2, and from the symmetry of the array,

that the above readont current must be in a range corre-
sponding to that between points A and B.

‘The analogy to the multi-aperture core behavior should
now become apparent. The multi-aperiure core in ifs
ate cannot be switched to its one state by the

pplication of current to one of the -apertures in the arms
of thu core nntil such current exceeds a relatively high

| threshold value which is sufficient to switch flux around

o0

Connecting the
terminals 20A and 26B fogether, as represunted by the

the main aperture of the core. With the array shown in
FiGURE 1 and from the descriptmn previously given,

it will become apparent- that in order to set a cleared
array into its one state it is necessary to provice a suffi-
cient current to exceed the relatively high threshold pre-

sented to the input windings by the combined character-

istics of the second and third cores.
ture core 18 S

Once a multt-aper-
at in its one state, readout can be derived

“from the cutput aperture by applying a current thereto

65

whose value is less than the initial switching value. With
the magnetic array provided by the invention, the current
applicd to the output winding to derive treadout has an
amplitude which is less than that required. for setting the
array to.the one state. It should thus become apparent
that the behavior of the array shown in FIGURE 1 is

analogous 10 the behavior of a multi-aperture core having

two apertures in the arms of the toroid adjacent the main
aperture. It can also be stated that, in accordance with

" this invention, similar to multi-aperture cores having a

shown in. FIGURE 1. Core 10 remains undisturbed in. its

snitial state of remanence, and its flux is assumed to be

oriented .in the clockwise. direction.
C, showmg the transition characteristic at terminals 16A

The curve A, B,

plurahty of small apertures besides the main aperture,
2 magnetic array may be provided having a plurality of

~ cores coup led by windings to the main, or second, core.

and 16B in. going from the cleared to the set state, can

thus be seen-to depend upon the individual switching char-
acteristics of both.cores 1Z and 14.

Reference is now made to FIGURE 3, which is a cir-
cuit diagram showing two of the basic magnetic arrays

| _which are shown for the purpose of explainmn and illus-

~ After having gone from the cleared state at point A :

to the set state at pomnt D, the data current source 32 can

15

one array to the other.

trating the operation entailed in transferring data from
The first array which is en-~

closed in the dotted re tangle bf....armg the reference nu-



3,083,355

5

meral 39 has the three cores respectively desienated as
38A, §¢B, 56C. Two input terminals SZA, 528 have an
input winding 54 connected thereto and coupled with one
sense to tne core SGA and in an opposite sense to the
core 5¢B. The second array 54 also has three cores
S4A, 8§48, 54C. An output winding 5§ is wound on
core 54B with one sense and on core 54C with an OpPpo-
site sense. Cutput terminals 58A and 588 are connected
to the output winding. A transfer winding ¢ is made
up of two parts. The first part 60A can be considered
as the output winding of the first synthetic array 5¢ and
i1s wound upon core 38B with one sense and upon core
SCC with an opposite sense. This output winding is
connected io a pair of transfer terminals 62, 64. The
second half $3B of the transfer winding 68 COmprises
the input winding to the magnetic array 54. The sec-
ond half of the transfer winding 698 is wound upon core
S4B with one sense and upon core 84A with an Opposite
sense, 'Lhe second half of the transfer winding 68B is
also connected to the terminals 6%, 64 whereby the two
halves 608A, 6838 can be considered as a single transfer
winding 69.

Assume at the outset that a first clear winding &6,
which i1s wound on cores S0A, 50B, and 52C with the
same sense has had a current applied thereis which ex-

ceeds the current required for swiiching the three cores

and which drives them to their clear siate.
further, that the
upen the cores 54A, 54B, 54C with the same sense Las
been excited with the current having a sufficient ampii-
tude to set the three cores in their clear state. At this
time, the flux in the cores in both magnetic arrayvs wiil
be in a direction shown by the solid arrows.

Assume that at this time a transfer current is
to the terminals 62, 64, which has a value twice the
threshold current. The current 21, is applied to the ter-
minals 62, 64 to fiow in the direction shown by the ar-
YOwW entering terminal 64 and leaving terminal 62. This
current will split in half and flow through the two nalves
of the transfer winding in opposite directions from the
terminal 64. The current ilowing through the winding
passing throcugh core 58C is in a direction to drive that
core turther into the state of remanence in which it al-
ready is. The current thereafier will flow up through
core 388, but will not affect the state of that COre 1N view
of the fact that its value is at the switching threshold but
not over it, and therefore core 588 will be left in its
cleared state of remanence. The current flows through
core 54A in a direction to drive it further into the state
of saturation in which it already is, and thus that core
will not have its remanence condition altered by this
current. Core 548 is not affected by the current flow-
ing in the half of the transfer winding 638, in view of the
fact that this current is at the switching thireshold but
not beyond it and therefore core 543 will not be switched,
‘but will remain in iis initial state of remanence. Since
neither core 5B nor core 54B is altered by the applica-
tion of the transfer current when both the synthetic mag-
netic arrays are in their zero condition, there is no fur-
ther propagation from the synthetic arrays, either into
winding 54 or inio winding 5.

Assume now that both synthetic magnetic arrays S8,
54 are in their cleared state. A ope 1s entered into the
synthetic magnetic array 58 by exciting the input wind-
ing §4 with a current which exceeds the value of I, and
thus results in switching the cores 5B and 53C so that
they have their flux circulating in a counterclockwise di-
rection, as represented by the dotted arrows. The syn-
thetic magnetic array 3¢ now is in its set, or one, state.
At the time that the core S4B 18 switched, it induces g
voltage in the transfer winding which will cause a cur-
rent o circuiate up through core 58C, whnereby core
SUC is switched with its flux in a counierciockwise direc-
tion. The current will then continue down through core
52A, but has no effect on this core, since the current

Assume,

applied

|

| —

second clear winding 68, which is wound
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tends to drive it further in its direction of saturation.
‘The current will then circulate up through core 543.
This, however, will not affect core 34B, since its switch-
g threshold exceeds the switching threshold of core
S6C, as a result of which core 58C switches first and
thereby accepts all the flux linkages, or volt-seconds
from 56B. It should therefore be apparent that when
the first magnetic array is driven into its one state, there
1S N0 propagation or resultant effect of this upon the
subsequent magnetic array to which it is coupled.

Assume now that a current is applied to the transfer
terminals 62, 64, equal to twice the threshold value, I..
As described previously, this current divides into two
equal parts. The current that flows through core 5¢C,
which is now in its counterclockwise state of remanence
causes core SUC to be switched back to its clockwise state.
1he direction of current flow in the transfer winding is
such as to drive core 50B further into its counterclock-
wise state of remanence. The switching of core 5¢C
induces a voltage in the transfer coil 6¢ which operates
to cause more of the transfer current to flow in the half
of the transfer coil 66B than flows in the half of the frans-
fer coil 68A. The induced voltage opposes further cur-
rent flow from terminal 64 through core 56C and 56B to
terminal 62. Thus, the additional current which now
fiows through the half of the transfer coil 69R exceeds
the amount required for switching core 548, and through
it core 54C. However, the direction of this current 1S
such as not to affect the remanence state of core S4A.,
Mo turther propagation would result from the cuiput coil
5% if it were coupled to a succeeding magnetic array for
the reasons previously stated when the magnetic array
30 was driven to its set state. From the description
given, it should be apparent that the set or one state of
the magnetic array 58 has been transferred to the mag-
netic array 54.

After the transfer current has been applied and the
binary information stored in the first magnetic array
3O has been transferred into the second magnetic array
>4 it is necessary to clear the first magnetic array so
that it may be in condition to recejve new Iiniormation.
This is done by applying a current to its clear winding
66 having a value sufficient to switch all three cores
to which it is coupled. On winding 69A, core SOC is
already in the state of remanence toward which it is
being driven by the clear current, and the only core
that will be switched on this winding is core 58B. As
a result there is induced a voltage ‘in the transfer coil
In response {0 which a current flows up through the
core 5¢B, down through the core 54B, up through the
core 54A, and down through the core 50C. The direc-
tion of this current is such as to drive core SG6C 1in the
same direction as its clear state. The direction of this
current through core 54A is such as to tend to switch
it to the counterclockwise state. Therefore, although
the direction of this current is such as to tend to switch
core 3438 from its set to its clear state, since the switch-
ing level of core 54A is below that of core 54B it will
switch first and thus remove enough volt ssconds of
switching flux-linkage so that core 54R is not switched.
it is thus seen that the clearing of the first magnetic
array 58 does not destroy any of the information stored
in ‘the second magnetic array 34, but merely changes it
from the set to the reset state. It is also seen that the

clearing of the one state from array 59 caused no dis-

turcance in the winding 56 of the succeeding array, and
thus caused no disturbance to be propagated beyond
array 54, |

it array 59 were considered to have been set originally
by means of a transfer operation from another similar
array, aftached to terminals 52A and 32B, and if we
assume that this input array had been cleared itself some-
time prior to the time when it is desired to clear array
59, then by the same reasoning as above it is seen that
core SVA will be found to be in the counterclockwise
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state when the one is to be cleared from array 58. This '
follows in the same manner as it was explained for the

switching of core 54A into the counterclockwise state
when the one is cleared out of the array that initially

set array 54, that is, when array 50 was cleared. Now,

when clear current in winding 66 drives all of the cores

in array 50 strongly into the clockwise state, it Is seen

that both cores 58A and 56B will be switched from

the counterclockwise state. Since winding 84 is coupled

“with relatively opposite polarity to these two cores, this
‘switching of cores 50A and S€B will produce no net
fiux-linkage change in this winding, and so no disturb-

ance of the information state of the preceding array will

be caused by the clearing of the one out of array $%.
Reference is now made to FIGURE 4 which is a <ir-

~ cuit diagram of a shift register in accordance with this

10

then be received from the data source 76 or, if desired,
the information already in the register can be advanced
into the data sink by successively exciting the transfer
current sources and clear current sources in the order
already described. After data are entered from the data
source 76 into the register, if it is desired to circulate the
contents of the register, all that is required is for the coil
connecting the core 74B to the data sink 78 to be con-
nected instead to the coil connecting the data source 1o
the first synthetic magnetic array 71. Thereafter, the

~actuation in sequence of the transfer odd-even-current
 souice, clear-odd-current source, transfer even-odd-cur-

invention. The shift register employs, by way of ex-
ample, four magnetic arrays respectively 71, 72, 73, 74.
Each of these magnetic arrays is substantially identical -

with the one shown in FIGURE 1 or, expressed another
way, each two of the coupled magnetic arrays are sub-

20

stantially identical with the coupled magnetic arrays 39,

54 shown in FIGURE 3. Thus, an explanation of the
transfer of data between, for example, the magnetic array

71 to the magnetic array 72, from 72 to 73 or {irom 73

to 74 is substantially identical with the explanation ol

25

the transfer of information previously given for FIG-

" URE 3.

Therefore, the explanation will not be re-

peated at this time except that the manner of the pro-

~ gression of the information will be described. |

~ Essentially, a four phase clock sequence is required
for shifting data along an arbitrarily long register sec-
tion such as. shown in FIGURE 4. A first ‘binary bit
of information is entered from the data source 76 into
the first magnetic array 71. Thereafter, cuirent is ap-
plied from a “transfer O-E” (odd-even) current souice

30

8% to the transfer coils 82, 84 which couple the odd_' |

stages of the register to the even stages of the register.
This current has a value of twice the switching threshold
 value, I; of FIGURE 2, which Is the current above which
‘will begin to set an array fo the one state when ap-
plied to.an input winding. As shown, the current is ap-
plied in series to all the transfer coils which couple the
odd to the even stages. The result is the transier of
the data bit, which has been entered into the first mag-
netic array 71, into the second magnetic array 72. ‘1he
~ second step in the operation of the' shift register is to
" actuate the clear-odd-current source 86. 'This current
scurce applies current to a clear winding 88 which is
coupled to all the cores In the odd number arrays 7%,

73, Clear-odd-current source 86 thus restores the odd-
As was previcusly de-

stages: to their cleared state.

40 -

scribed, the operation of clearing the odd. stages of the
register has no effect upon the information in the even

~ stages of the register. - -
~ Another- binary bit of data can now be entered from
the data. source 7§ inio the input stage 73. Thereatier,

- 8b

the transfer even-odd-current source 99 is actuated to

apply a
even. to odd sfages.

old value L. ' _
is to cause a shift of information from the second stage

This current is twice the thresh-

a current to the transfer coils 83 coupling the -

The operation of this transfer current

60

72 of the. shift register to.the third stage 73 of the shift -

register.

is coupled to all the cores in the: even stages in the

 shift register. These
- tion from stage 71.

odd-even current source 89-is again energized whereby the

information in stage 71 is transferred to- stage 72 and

the information.in stage 73 is transferred to stage 74.
~ Subsequently, the clear-odd-current source 26 is ac-
~ tuated to clear stages 71 and 73. New information can

include stage 72 and stage 74
Stage 72 is thereby cleared to receive the new informa-
The information in stage 72 has
already been transferred to stage 73. Thus- the transier

. Thereafter, a clear-even-current source 92 is
actuated to apply current to a second clear coil 94 which - g5 _
 son core 102B will switch is because the amount of cur-

70

transfer current having the value 2iy,

- current will divide.
60 |
the core 106B in a direction to drive this core further
into -ifs saturated state.
‘through core I04C in a direction to tend to switch this

rent source and clear-even-current source will circulate
the information entered into the register.. |
FIGURE 5 is a circuit diagram of a pair of synthetic

- magnetic arrays which are arranged for an inverting or

complementing type of transfer. Each one of these ar-
rays 188, 182 respectively contains three cores 180A,
1663, 168C and 182A, 182B, 102C. An input winding
194 is wound on cores 188A and 1068 with a relatively

~ opposite polarity. A first clear winding 186 is coupled

to all the cores in the first synthetic magnetic array, and.

a second clear winding 198 is coupled to all the cores

in the second magnetic array. An ouiput winding 119
is wound on cores 102B and i82C with a relatively op-

- posite sense in similar fashion as was previously described.

A pair of transfer terminals 112, 114 are provided and

‘the transfer winding 116 is connected to the transfer

terminals whereby current can be applied from transier
current socurce 118 to these terminals and then to the
transfer winding. | |

It will be noted that half of the transfer winding 136A
is wound on cores 148R and 18$C with a relatively op-

posite sense and the other hali of the transfer winding

116B is wound on cores 192A and 102B with a relatively
opposite sense. . The connection of the winding halif
116A to the terminals 112, 114 13 reversed to the arrange-
ment shown in FIGURE 3, for example. Such reversal
enables an inverting or complementing transfer of data

from stage 180 to stage 1§z.

Assume that arrays 189 and 12 are in their clear

‘states as a result of clear currents being applied to wind-

ings 166 and 10%. Therefore, the cores 1090A, 16038,
1580, 162A, 102RB, and 1€2C have their flux lines satu-
rated in a clockwise direction. Assume at that time that
the transfer current source 118 is actuated to apply a
_ or twice the thresh-
old current vaine, to the transfer winding 116. The
. Cne half of the current will tend
to flow through the transfer winding 116A down through

The current will also flow up

core to its counterclockwise state of magnetic remanence.
Since the amplitude of the current exceeds the switching

~threshold of the core 184C, this core is- switched. As a

result of such switching operation, current steering ocC-
curs whereby more than half of the current coming from
the transfer current source 118 is caused to flow in the

half of the transfer winding 116B. The direction of this

sereased current flow is down through core 102A, which

tends to drive it further into the state of saturation which
it already has. | |

~ The current then continues up through core 1425 in
a direction to cause core 162B to be switched. The rea-

rent which is steered through the winding half 1i6B
causes the total current through 102ZB fo exceed the
threshold or switching current value Iy, When core 102B
switches to its opposite state of magnetic remanence, a

voitage is induced in the coil 11§ which, if its ends are.
connected together, provides a current oi a sufficient

 amplitude and with the proper polarity to switch core

103C to its state of remanence whereby the flux lines

cirenlate in a counterclockwise direction. It can there-
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fore be seen that the application of a transfer current to
the transfer winding when the first stage 1¢6 is in its zero
state eflectuates a complementing operation whereby
the second stage 182 is left in its one state.

Assume now that, beginning from the cleared state for
array 180, input winding 184 has been excited with a
currenf exceeding the threshold value whereby array 1098
18 put into the set state. Assume, further, that the second
magnetic array 102 is in its clear state. Current induced
in the transfer winding 116 when the core 16868 is driven
to 1its set state of masgnetic remanence Induces a current
In the transfer winding 116. This current has a direc-
tion through core 186C to drive it away from its cleared
remanent state. This current also flows through core
1028 in a direction to drive it further into the state of
remanence which it already occupies. The current con-
tinues up through core 1682A in a direction to switch core
162A to the state of magnetic remanence opposite to
the one which it occupies when in its cleared state. The
flux liinkage switched into the transfer loop 216 from
core 1008 can therefore divide between cores 186C and
1GZA, since each of these can have the same threshold,
If desired, transfer current can be caused to flow through
an additional winding (not snown) down through core
i02A during the transfer into array 10¢ in order to pre-
vent any of the flux linkages being switched into core
162A. However, it will be seen that the effect of flux
being switched into either core 180C or core 18ZA upon
subsequent transfer operation between arrays 180 and
U2 1s essentially the same, and so there is, in the first-
order analysis, nothing to be lost by allowing the flux
linkages that are forced into this transfer loop when ar-
ray 199 is set to go into cores 18§C and 182A in any
proportion whatsoever. That proportion of flux linkage
which goes into core 188C subtracts from that which
will be forced into the transfer loop when the transfer
current drives this core ail the way into counterclockwise
saturation. That proportion of the flux linkage forced
into this transfer loop when array 10¢ is set, and which
goes mto core 182A, will be forced back into this transfer
lcop by the action of the subsequent transfer current, in
effect subtracting from the flux linkages being driven
into the loop from core 188C by the transfer current,
and so will serve the same purpose as far as the transfer
operation is concerned as if it had been only switched
into core 19¢C in the first place. |

The transfer current source 118 now applies a cur-
rent 21; to the transfer terminals 114, 116. The portion

that flows through transfer winding half 116A flows down.

through core 160B in a direction which tends to switch
the core, and up through core 180C in a direction to drive

this core further into its set state of magnetic remanence,

The current that flows through core 1G2A is in a direc-
tion to drive it into its clear state of magnetic remanence,
it then flows up through core 1828 in = direction to

switch it away from its clear state of magnefic remanence.

The amount of flux linkage now switched mnto the trans-
fer loop from core i@8C, and not cancelled by that
switched from core 162A as described above, will es-
sentially be equal to the dif |
capacity of core 186C and the amount of flux set into
this loop through core 194B when array 18@ was set into
the one state. If a full one set of array 109 occurred,
then the flux forced into the transfer loop at that time
was substantially enough to cancel all of the flux link-
ages which core 188C would otherwise force into the
transier lcop at transfer time. Under these conditions,
then, essentially no net flux linkage will be switched into
the loop during transfer time from cores 186C and 182A,
and we have seen previously that the current will then
divide evenly between the two halves of the transfer wind-
ing, and that array 182 will be left in the cleared state.
Thus, the complement or negaticn of the information in
array 1C80 has been transferred into array 102.

After the transfer operation from array i8¢ to array

‘erence between the switching
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182 1s completed, the subsequent clearing of array 100
can be shown to produce no effect upon adjacent arrays
that are particularly different from those produced by
clearing a so-called positive array. A difference, of .
course, will appear in that the array 162 will be reset
by the clearing of array 108 when array 1060 had originally
been in the zero state, and will transfer no net fux linkage
to array 102 at clear time if it had been in the one state.
In the latter case, both cores 108R and 183C will switch
when array 168 is cleared, and their flux-linkage contri-
butions to the transfer winding 116 will cancel each other.

From the above description it should be apparent how
two stages with what may be termed g negation transfer
winding coupling may be inserted into a shift register
such as the one shown in FIGURE 4 or, simpler still,
the negation type of operation may be obtained by con-
necting the transfer winding to the transfer terminals
i the manner shown in FIGURE 5. Thus, a shift regis-
ter may be provided which has a complementing type of
operation as far as the information applied to its input
and received from its output in concerned. It should be
further noted that the circuit shown in FIGURE 5 can
also serve as a logical element where the operation of
complementing is required. |

Reference is now made to FIGURE 6, which is a cir-
cuit diagram showing the basic magnetic arrays with a
plurality of inputs and providing a plurality of outputs.
By way of example, two inputs are provided from a first
data source 12¢ and a second data source 122. Three
outputs are derived respectively by a first data sink 124,
a second data sink 126, and a third data sink 128, A
first magnetic array 139 consists of a central core 130C
having a higher threshold than the other cores, two in-
put cores 135A and 139B, and three output cores 136D,
130E, and 13¢F. A second magnetic array 149 con-
sists of a central core 14¢QC having a higher threshold
than the other cores of the array, two input cores 140A
and 1498, and two output cores 14¢D and 140E. A
third magnetic array 146 consists of a central core 146B
having a larger threshold than the other two cores of
the array, one input core 146A, and one output core
145C,

The first data source 128 and the second data source
122 can apply a binary bit of information to the magnetic
array 136 by applying a current having a value in excess
of the setting threshold of the array to the associated one
of the respective input windings 150, 152, If the input
information is a zero and if the convention for represent-
INg a zero is in the absence of current, then the cores will
remain in their clear state as represented by the clock-
wise arrows shown on the drawing. If the convention
for a zero is a current whose polarity is opposite to that
of the polarity of the current representing a one, then
the central core as well as the cutput cores will remain
in their cleared condition, but the inout cores 138A or
1308, depending upon which one of the data sources is
providing the input, wiil be driven to their counterclock-
wise condition. This has no effect upon the output opera-
tion of the device, and since after cach data bit has been
entered the first clear-current source 154 is operated to
clear all the cores, the system operation is not affected
thereby.

Assume that information has been entered into array
£38, with a.first transfer coil 158 coupled between cores
134 and 132A to cores 136A and 140 in the manner pre-
viously explained for a positive transfer. Therefore, the
first transfer current source 169 can transfer either a
ZCT0 O a one, corresponding to the information entered
into magnetic array 130 into the magnetic array 148,
which results, when 2 one is transferred, in switching
cores 149B, 148C, 146D, and 140E, The output wind-
ing 169 couples the first data sink 124 to array 1490 and
includes means for deriving the information transferred
into this array when required, It should be noted that
when a one is transferred, when the first transfer current
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source 169 provides the transier current, core 148C will
be switched and core 40D Is switched.
cores 149B and 149E are switched, since the voltage 1n-
duced in the windings 159 and 1$2, when the core 146C
is driven, will provide enough current for
Therefore, output can be separately derived by either the
first or the second data sink or by both. In view of the
fact that readout is performed with a current in the output
windings which is lower than the setiing threshold for ar-
ray 149, it is seen that readout from one of the cores
1400 will not affect the state of the other core 140F.
A readout from this magnetic array can be obtained
by exciting any one of the three transfer coils 158, 159
and 157. Transfer windings 157 and 158 are wound on
the associated cores in a mManner to provide a positive or
identical information tramsfer. Transfer winding 159 is
reversed from the other transfer windings in a manner Lo
provide the complementing or
fer winding 133 is excited from the second transfer cur-
rent source 164 and transfer winding 157 is excited trom
the third transfer current source 166. - - -

If the magnetic array 1264 has had a zero entered there-
into, excitation of the first transier ‘current source will
rancfer a zero into the magnetic array 149, Excitation

of the third transier current source will transfer a zero

‘nto the maenetic array 146. Excitation of the second
rransfer current source instead of the first transfer cur-
rent source will result in the switching of cores 148C,

140A, 144D, and 149E in the couterclockwise direction,

whereby the first and second data sinks can derive a one

readout. L
~ Assuming that the information in the

139 is to be a one, then cores 130C, 138D, 138E, 133F
and either 1308 or 13§ are ail set when the input infor-
mation is transferred from either the first or second cata
source respectively. This one can be transferred, by €X-

In addition,

this purpose.

negation fransfer. 'frans-.

magnetic array

.
15

20

9
.

30

citation of the first or third transfer current sources, 10 |

1f the second transfer

either array 14§ or array 146

current source is excited instead of the first transier cur-
rent source, then array 149 will receive the negation of

the contents of array 139, or zero. After cach informa-
tion entry and information transfer, the first clear curret
source, a second clear current source
clear current source 172 are excited i sequence for oS
purpose of restoring all the cores to their clear conditions.
+ should be understood that any one of the first, second,
or third data sinks can also be more magne

~ form shift registers or delay lines.

“There has accordingly been described and shiown here-
magnetic array which Pro--
and logically manipulating

inabove a novel and useful

vides faciiity for transferring

binary information. .
I claim:

1. A magnetic array comprising first, second, and third

magnetic cores each having two states of stable magnetic

remanence and t _ | _
said two states, said second core having a higher switeh-
ing threshold than said 1irst and third cores, an input wind-

ing wound on said first core with one sense and O said
second core with a relatively opposite sense, an ‘outpuf

winding wound on said second core with one sense and
on said third core with a relatively opposite sense, and a
clear winding inductively coupled to said first, second, and
third magnetic cores for driving them 10 a predetermined
one of their states of stable magnetic remanence. |
9. A magnetic array comprising six magnetic COTES
each having two states of stable magnefic remanence
and being capable of being switched between said two
states, a second and fifth of said six magnetic COTES
having a higher switching threshold than the remainder
of said cores, an input winding wound on a first of said

 six magnetic cores with one sense and on said second
opposite sense, a transier
first half of said transfer

magnetic core with a relatively
winding having two ‘halves, a
winding being wound on said second magnetic core with
one sense and on a third of said six magnetic cores with

178, and = third

tic arrays to-

being capable of being switched beiween

43

register,

12
a relatively opposite sense, a second half of said transier
winding being wound on a fourth of said six magnetic
cores with one sense and on said fifth magnetic cores
with a relatively opposite sense, a pair of terminais for
applying transfer current o said transfer winding, means.
connecting said two halves of said transter winding to
said pair of terminals, and an output winding wound on
said fifth core with one sense and on the sixth of said
six magnetic cores with an opposite sense. |

3. A storage circuit as recited in claim 2 wherein the
sense of the winding -of said first half of said transfer
winding respectively on said second and third cores is-
reversed relative to the sense of the winding of said.

‘second half of said transfer winding respectively on said

fifth and fourth cores. | _
- 4. A shift register comprising a plurality of storage
circuits coupled in sequence each of said storage circuits

" having a first, second, and third magnetic core, each of

said magnetic cores having two states of stable magnetic
remanence and being capable of being switched from one
to the other state, said second core having a higher
switching threshold than said first and third core, an
input winding wound on said first core with one sense
and on said second core with an opposite sense, an output

 winding wound. on said second core with one sense and
on said third core with an opposite sense, a plurality

of pairs of terminais for applying shift signals to said
means connecting the input winding of each
storage circuit and the output winding of the immediately
preceding storage circuit in said sequence to 2 different
pair of said pairs of terminals for forming said connected
input and output windings into transier windings, a first
clear winding in one sense on all the cores in every other
one of said storage circuits, and a second clear winding
wound ifl said one sense on all the cores in the remain-
ing ones of said storage Circuits.

5. A shift register as recited in claim 4 wherein for
each of seiected ones of said storage circuits the sense
of the winding of their output windings respectively on
the second and third cores of said storage circuits is
reversed relative to the sense of the coupling of an input

‘winding on the respective second and first cores of a
succeeding- storage circuit, said input winding being the

one .connected to.terminals with said output winding to

form a transfer winding.

43

6. A magnetic Togic element compr_ising. a -plur'ality

~of first maenetic cores, a second magnetic core and a
plurality of third magnefic cores each of said cores
‘having two states of stable magnetic Temanence and be-

 ing capable of being switched between said iwo siates,

50
~ threshold than said plurality of first and third cores, a

said second magnetic core having a higher switching

dlurality of input windings a different one of which is
~ssociated with a different one of said plurality of first

cores, each of said input windings being wound in one

55

60

65

sense on the associated first core and in an opposiie sense
on said second core, a. plurality of output windings, a
different one of which is associated with a different one
of said third cores, each of said output. windings being
wound in one sense on said second core and in an opposite
sense on its associated third core, and a clear winding

wound in the same sense on all said first, second, and

third cores. N
7. A magnetic shift

register comprising a plurality of

successively coupled stages each of which includes first,

second, and third magnetic cores, each of which has two
states of magnetic remanence and is capable of being
driven from one to the other, an input winding for the

first of said successively coupled stages said input wind-

70

ing being wound successively on the first core of said first
stage in one sense and on the second core of said first

stage with an opposite sense, an output winding for the

15

last of said successively coupled stages, said oufput

" winding being wound successively on ihe second core of

said last stage in one sense and on the third core of said
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last stage in an opposite sense, a plurality of transfer
windings for coupling the stages of said shift register,
each transfer winding being successively wound on a
second core of one stage in one sense, on a third core
of said one stage in an opposite sense, on a first core
of the stage succeeding said one stage with a sense
opposite to that of said transfer winding on said third
core, and on the second core of the stage succeeding
said one stage with a sense opposite to that on said
first core, first means for applying a transfer current to
alternately occurring transfer windings coupled to the
sections of said transfer windings which extend between
second cores and which extend between first and third

cores, second means for applying a transfer current to

10

i4

the remaining transfer windings coupled to the sections

of said remaining transfer windings which extend be-

tween second cores and which extend between first and
third cores, a first clear winding wound in cne sense to
all the cores in alternate stages, and a second clear wind-
Ing wound in one sense to all the cores in the remaining

stages.
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