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THE TRANSMISSION OF INFORMATION

Robert M. Fano

Abstract

a This report presents a theoretical study of the transmission of infor-
mation in the case of discrete messages and noiseless systems, The study

begins with the definition of a unit of information (a selection between

two choices equally likely to be selected), and this is then used to deter-

mine the amount of information conveyed by the selection of one of an

'arbitrary number of choices equally likely to be selected, Next, the average

meee amount of information per selection is computed in the case of messages con-

ing of sequences of independent selections from an arbitrary number of

ghodces with arbitrary probabilities of their being selected, A recoding

> procedure is also presented for improving the efficiency of transmission by

. peduging, on the average, the number of selections (digits or pulses) re-

quired to transmit a message of given length and given statistical character,
The results obtained in the case of sequences of independent selections are

extended later to the general case of non-independent selections, Finally,
the optimum condition is determined for the transmission of information by

means of quantized pulses when the average power is fixed
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:

THE MIT MAGNETIC-CORE MEMORY :

One recent development which is significantly raising the.
reliability of today's high-speed automatic digital computer is the
multicoordinate magnetic-core memory. Two banks of .32 by 32 by 17
magnetic-core memory have been in full-time computer operation at the
MIT Digital Computer Laboratory for some months. A description of the
units and of the tests and operational data available on them will be
preceded by a short review of the operating principles of this type of
memory e

:

: :

:

1. OPERATING PRINCIPLES?

Each binary digit is stored in the stationary magnetic field
:

of smali, ring-shaped, ferromagnetic coree Two aspects of the core's :

rectangular flux-current characteristic are utilized:
:

as The flux remanence of the core is utilized for the
storage operation; t2

remanent flux points are arbitrarily designated as ZERO and ONE. Note
that the loop is sufficiently nonlinear so that the application of
Gannot switch the core, whereas the full Im can. Fig. 2 illustrates
how this nonlinearity may be used to select one core out of many by
the coincidence of two half-currents in a 2-coordinate scheme. The

like those of Figs 2 behind each other and connecting respective x and .

in the half excitation of a "selection plane" through the volume «

>

bs The extreme nonlinearity of the flux-current character stic
is utilized to advantage in the selection operation.» :

Fige 1 shows the flux-current loop for a ferrite core. The

:

:

extension to three coordinates may be accomplished by stacking planes

coordinate lines in common to cbtain a "volume" of cores as sketched :

in Fig. 36
: :

:

The application of a half. current to the coordinate xg results :

4
:

:
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ABSTRACT

A method of designing power supplies utilizing power
transistors as series-regulating elements and silicon di-
odes as voltage references is described. Information is

given on efficiency, output impedance, regulation, rip~

ple reduction and limits on output voltcge and output

power. Several variations of circuit design are given as

well as circuit schematics for power supplies already in

operation.
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PEPR and Cther Systems

A. Le Rosenfeld4,

4 University of California

Berkeley, California

and

H. D. Taft

:

:

:

Yale University
New Haven, Connecticut

:

:

This report represents an attempt to present a logical sequence of programs

leading from bubble chamber film through the complete kinematical analysis of

events. Since a number of systems already exist to handle the latter part of this

problem, the emphasis here is placed upon the automatic scanning and measuring
:

systems In

problem as well as upon the preparation of the data for the existing

particular,
Part I of this report is a detailed proposal for programming the Pre-

cision Encoder and Pattern Recognition device (PEPR) at present under develop-
wate
s"

ment at mir, {1) Part II contains a review of the leading automatic scanning and

+

measuring systems as well as a proposal for unifying the output of these systems

eed
andprocessing this output. It is interesting to us that it now appears to be possible

é

Overall Program:
Reo,

The proposed preliminary program for PEPR consists of three principal

phases. Phase 1 consists of two orthogonal area scans designed to establish one

4

:

:

to outline a complete program which encompasses automatic scanning, measuring,

and pattern recognition by relatively traight forward methods without recourse

:
:

to-any very sophisticated ideas or any theorems about the "discipline" of pattern

recognition.
:

4

PART I- A Program of PEPR
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ABSTRACT AND FOREWORD

For many computational applications there is a need for a high-

speed digital computer with a large internal memory capacity. The search

for a reliable random-access memory with a fast information-access tim
brought about the development of the magnetic-core memory system. Sys-
tems of this type using a 2-coordinate "read" and 3-coordinate "write"

have been operating very successfully for some tine.
This thesis report reviews and extends the theory of magnetic-

core mmories for the generalized n-coordinate selection system. 'he

criteria for obtaining the marimm selection ratio under a variety of

conditions and arrangements are derived, and the resultant effects on

the noise and sensing problem are discussed.

A particular system which uses a coordinate read and 5~co-

ordinate write in an attespt to reduce the number of required electronic

circuits is analyzed. Experimental work with the breadboard of such a

system (using a 3~to-2 selection-current ratio) was performed. 'he

results, here indicated, show that a }096-bit digit plane (8 driving

lines in each of the coordinates) is operable, albeit with very narrow

margins, with a memory cycle time of approximately 9 microseconds, and

with no more than one-fourth the number of driving cathodes required by

8 comparable system which uses a 2-coordinate read and a 3-coordinate

write. The recent development of improved cores and diodes satisfactory

for low-level mixing of memory signals could be used to improve the -

operating margins signi ficantly.
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PART I
THE THEORY OF CORE MEMORY SYSTEMS

CHAPTER 1

SELECTION

1.01 The Rasic Problems

To illustrate more clearly the basic concepts involved in ran-

dom access magnetic-core memory systems, this section on the theory of

selection will be developed for idealized memory elements. However, al)

that is derived for this case will apply directly or with slight modifi-

cations to the actual case.

The memory element to be considered is a ferromagnetic toroid

which has nearly rectangular hysteresis loops. For binary storage twe

remanent flux states of the core are used to represent the two digits,
ZERO and ONE, as defined for the hysteresis loop of Fig.

In using an array of these elements as a storage medium, it é

LS necessary that the system be able to perform two functions. 'The first
4s determining the information state of one or more cores, and the second

is putting these cores in a desired information state; both of these being

done without affecting the information state of the other cores in the

array. An operation of the first type will be referred to as "reading"

and that of the second type as "writings?

From a study of Fig. 1.0la, a suitable read operation may be

defined as exciting the selected core with a pulse of current of merimm

"Only binary storage will be considered in this thesis.

le
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amplitude 1 while restricting the excitations of the unselected cores

to less than P and greater than =P, If a selected.core is in the state,
it will "switch" to the ZERO state, resulting in a net change in flux,
whereas if it is originally in the ZERO state, it reassume its
original state after the read operation with no change in flux. 'The

flux state of al] unselected cores will remain unchanged. If a "sense"

winding is passed through a selected core, the reading of a will in-
dace a voltage in the winding, whereas the reading of a ZERO will induce

no voltage in the winding. Voltage or flux amplitude discrimination can

be used to distinguish a ONE from a ZERO, 'the first technique being a

measure of the time derivative of flux. These two methods of detection
will be discussed and compared more fully in the next chapter.*

Since after reading, a core in the ONE state will be left in
the ZERO state, the read operation is destructive.** Consequently, if a

core is to be left in the ONE state, the read mst be folowed a write

consisting of exciting the core with a pulse of current of maximm ampli-

tude Again the excitations of a)) unselected cores must be restricted

to less than P and greater than -P.

1.02 Necessary and Redundant?*'Coordinates

As a basis for further discussion of selection systems, three

definitions will be made at this point.
Definition 1s A coordinate of a selection system is a group of driving

lines which do not intersect at any core within the array.

"See Section 2.03.

@ *Only the destructive read described will be discussed in this thesis.

Non-destructive reads have been devised and the reader is referred to

References 1 and 2.
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Definition 2 A coordinate of a selection system is a necessary coordi-

nate if upon removing it the same selection cannot be accomplished by an

adjustment of the excitations in the remaining coordinates.

Definition 3 A coordinate of a selection system is a redundant coordi-

nate if upon removing it the same selection can be accomplished by an

adjustment of the excitations in the remaining coordinates.

To ilinstrate the definitions given above, first consider

Fige 1.02a. If an X, Y, and Z driving line are chosen, it is possible,
with the proper choice of excitations, to select the one core lying at

the intersection of the three selected lines without destroying the infor-

mation states of the other cores. However, if any one of the three coor=

dinates is removed (Figs 1.02b), it is impossible to select only a single

cere for each choice of driving lines in the remaining coordinates since

any line of one coordinate intersects those of another more than

once. Therefore,the three coordinates of this system are nonretindante

Fig. 1.02c shows a redundant system. Any one of the three coor

dinates is redundant since it may be removed (Fig. 1.02d) and the same

selection accomplished, any core can be selected singly by an

adjustment of excitations in the remaining coordinates.

The remainder of this thesis will be confined to the analysis

of nonredundant systems, and the word coordinate without further qualifica-

tion implies necessary coordinate.

1.03 Pin a8 a Function of the Number of Coordinates?

Consider an n-coordinate system which is capable of selecting

a single core from an array of corese Each core is at the intersection

of n driving lines, one in each coordinate, and a core is selected by

exciting one line in each coordinate such that the sum of the excitations
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is one unit. (See the hysteresis loop of Fige 1.03a.) All other driving
lines are excited so that at any other core the total excitation is less
than p and greater than -p. The lines passing through the selected core

will be termed selecting lines, and all other lines unselecting lines.
For this system the winimm required value of p (Pain) is of interest

since it places the least requirement on the rectangularity of the hystere-
sis loop, and this can be easily found in the following manner;

Since one and only one driving line from each coordinate passes

through a core, if an equal amount is added to all the driving lines,
selecting and of any one coordinate, the excitation of all
the cores will be changed by this amount. Let 85 be defined as the value

of the excitation of the selecting line in the jth coordinate, and let

uy be defined as the value of the excitations of the unselecting lines

in the same coordinate. By adding to the excitations of all the

driving lines in the jth coordinate, the excitation on al] the cores will

change by If this process is repeated for all n coordinates, iste,

6, is added to the driving lines of the kth coordinate, etc., the exci-

tation on a)l the cores will diminish by one unit since as previously

stated the sum of the selecting excitations is unity, 8j #1.
Passing through any unselected core there can be a wintwym of

one and a maximm of n unselecting lines, and if the above procedure were

to be carried out, the marimm excitation on an unselected core would be
n
2, wherethe miniw™ excitation would be

u,
4
~(u,-s,)

=
85-053 j (1)-1,2,
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Therefore, for the original system, the maximm excitation on an unse-
n

lected core is 1-Uj and the minimum excitation.is l- U From a

consideration of the hysteresis loop (Fig. 1.03a), the restrictions on

the system are

(2)

and
n

Fl

1-U.

(3)

or subtracting one from both sides of inequality 1.03-(2) and summing

from Fl to n,
n> Uj=- 2 (LP) (h)

and subtracting one from both sides of inequality 1.03-(3),
n

U.>- (1+p) (5)

Combining inequalities 1.03-() and 1.03-(5)

-n(1l-p) =- (1+p) (6)

and therefore,

pz (7)

n-1 (8)
Poin n
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we

When the selection ratio (R) is defined as the excitation

applied to the selected core divided by the maximm excitation applied to

any unselected cores,

(9)max mn
ae

1.0, Necessary Condition for R

Continuing the discussion of the previous section, the next

step is to obtain the necessary condition for Riax' This is easily ob-

tained from the inequalities 1.03-(h) and 1.03-(5) by a substitution of

equation 1.03-(8).

~(1+p) = -

U, = -n(1-p) (1)
Fl

Poin = (2)

therefore
n

n-1

2n on
=~ j= W (3)

(h)ntl

But from inequality 1.03-(2)

(5)= (1-p) = sy2
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and therefore

2 (6)

To determine what restriction this imposes on the original n-coordinate
selection system, equation 1.03-(1) is recalled and the final result is
that

85-0,
= + j=1,2,°°° n (7)2

is a necessary condition for a maximm selection ratio, and this con-

straint with the original constraint that
n

8,
= 1 (8)

define the system. In a practical system the further restriction that

(9).2

is required to allow for variations in the times that the drivers take

to reach maximum amplitude.

Figs 1.0ha shows two systems with a maximum selection ratio.

Since in both cases r=2,

n-1 (10)3
max
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2
(12)

2
3

By comparing the tables it should be noted that, the distributions of ex-
are identical. For any two nonredundant systems of the same n,

this is always the case when the conditions for a maximm selection ratio
are adhered to. This is implied in equation 1.0h-(h), and is more readily
seen in equation 1.0h-(6).
1.05 The Choice of ay and 8,

In the previous section it was shown that the only restrictions
on 5, and are

~(14p) ag yar,= -n(1-p) (2)
J

and

n
=1 (2)

However, it is desirable to make either the unselecting or the selecting

excitations sero in as many coordinates as possible since this system

will require the mallest number of drivers. The following is a deriva-

tion of the best possible selection ratio that can be obtained when this

is done, and it will be shown that this ratio cannot always
to Basse

Let N, be the mmbar of coordinates in which the excitations of

the unselecting lines are sero, and let Ng be the number of coordinates
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in which the excitation of the selecting line is zero. Then,

NM,
* (3)

A study of Section 1.03 shows that for tha best possible selection ratio

U, =U, sere =U, (h)

since

"5
Therefore,

(S$)1

(6)

But in each coordinate either u or s is zero, and therefore, either

a (7)

2

with the least allowable value of p being correspondingly

p= leu = (9)

(8)

Substituting the previous expressions into inequality 1.05-(1) and equa-

tion 1.05-(2), the conditions become

(1+les)= n Use -n(1-1+s) (10)

-(2-s)= n U«x -ns (11)
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= (2)

-(2-s) + ns (13)

-2 + (ntl) 850 (14)

and

N,s=lore= F (15)1

Substituting for s in 1.05-(1))

-2 + (ntl) i =o (16)

(17)

and since

N,= n-N (18)

n= (19)

ntl

By combining equation 1.05-(5), (9) and (15), the best possible

selection ratio can be expressed as

R= : (20)
8

where N is as small an integer as possible. When n is an even integer,

@ the smallest integral value N, can take on is

V= (21)
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and correspondingly,

n-2 (22)

The best possible selection ratio is then

R(n) = -==R (ntl) (23)mar

However, if nis an odd integer,

(2h)

and :

(25)

giving a best possible selection ratio of

(26)R(n) = R (n)

Considering the case when n is an even integer, the value of

U can be obtained from substituting equation 1.05-(23) into equation

1.05=(5)-

(27)21

For the case of n equal to an odd integer U is as given in equation

1.0h-(6)

(28)2
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Therefore,
for even n2

for odd n (29)2

1.06 Parallel-Digit Storage
Magnetic-core memories of the type described are ideal for

parallel-type computers. In this case, a binary word of D digits is stored

in the memory, al] digits being stored simultaneously. The group of D

cores in which the digits of a single word are stored is called a regis~

ter, and the read operation consists of selecting all the cores of the

selected register, whereas the write, which follows the read, consists

of selecting only those cores of the register which are to be switched

to the ONE state. The important point to note is that, in general, the

write utilizes eat least one more coordinate than the read, i.e., the read

selects al] the cores of the register whereas the write mst discriminate

between the different digits comprising a register.
Since only one register is selected at a time a single sense

winding can pass through a given digit of all the registers. Generally,

these cores on the same sense winding are placed in the same plane, and

hence, the term "digit plane" is often used in reference to them.

All the derivations of the previous sections apply to systems of

this type. 'The read selection and write selection are considered separately,

the formulas being evaluated for the particular values of n, and in general,

a system using an n-coordinate read will use an (n#1)-coordinate writes
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1.07 An Econamical Means of Doubling Memory Capacity for Even n

Consider the special case discussed in Section 1.05 where either
the selecting excitation or unselecting excitations in each coordinate

sero. For this it will be show that whenever n is even it is
possible to double the selection capacity without donbling the number of
drivers in a coordinate, but first the case for n=2 will be illustrated.

Referring to Fig. T.07a, any core to the left of the dotted

line can be selected by exciting the selected driving line in each coor-

dinate with I, = and any core to the right of the dotted line can be

selected by exciting the selected line in one coordinate wit! I) -3 and

the selected line in the other coordinate with I, =-3- Tabulated below

the figure are the excitations for each case, and it is seen that the 2

@ to 1 selection ratio which would otherwise be obtained (equation 1.03-(9))
has net been affected.

At a first glance it would seem that nothing is gained since

4t is now necessary to have drivers of the opposite polarity, and the

game effect could be obtained by just doubling the mmber of driving lines

in a coordinate. However, when it is recalled that in a system, both

read and write drivers are need, and that a write excitation can be made

equal in magnitude but opposite. in polarity to a read excitation, the

benefits of the system are seen. To obtain the desired effect, it is -

only necessary to use the write drivers of one coordinate during the read

cycle when the cores to the right of the dotted line are to be selected.

Consider again the case of Section 1.05, but now for any ne

1

1

was first pointed out to the author for the case when n*2 by

De Ae Bucks
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The mavimm excitation is received by the selected core, and the value of
this excitation is unity for both odd and even n. However, the minimm

excitation any core receives is a function of n, and this function is not

the same for odd and even ne The minimum excitation is

4n=2 n-2 for even n (1)
n+2 n+2

and

(2)2 -2 m for odd n
n+l n+1 n+l

Also, the best possible selection ratios are

Rn) = n+2 for even n (3)

and

R(n)
* nel for odd n (hk)

Now, consider reversing the polarity of just one of the select-

ing lines. Then the excitation any core receives is now also a

fonction of n and is

[,-3 [22]? n+2
pe for even n (5)2

n+2

and

bel (2d
7 nl o 2 Bt for odd n (6)
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ami the minim excitation is now

Nu, E = _ = -n for even (7)27

and

for odd n (8)22

The best possible selection ratio for even n is still

(9)R(n)

However, a system of odd n is no longer possible because of the possibility
of the -1 excitation destroying the information stored in the array.

Therefore, only when n is even is it possible to reverse the polarity of

one selecting line without affecting the information state of the array.

This fact plus the fact that two driving lines can be passed through a

core such that the total excitation is either the sum or difference of

the two separate excitations makes it possible, when n is even, to double

the selection capacity without doubling the number of drivers in a

The read selection is done by an even coordinate system and no

additional drivers are necessary to read the information in the additional

registers. However, since the write is one coordinate more than the read,

the write selection will be done by an odd coordinate system, and, there-

fore, the number of drivers in one write coordinate must be doubled to

write in the additional registers. Consequently, the total memory capa-

city can be doubled by doubling the number of drivers in just a write

dinata.

coordinate.
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1.08 External Selection

No mention has been made yet of the means of selecting the

driving lines within a memory coordinate. (Generally, the initial selec-
tion in each coordinate is done by fj bi~stable elements, where f, is anJ
integer related to

a, »
the mmber of driving lines in the jth coordinate,

by the equation

tj = a, 3 J 21,2, (1)

Therefore, the external selection problem is that of going from an f;
coordinate system of two driving lines per coordinate to a one coordinate

system of a, driving lines. Except for the trivial case when dy is equal

to two, an intermediate system is necessary for performing this conversion.

Usually it consists of a diode matrix switch hy5, and its associated

buffer amplifiers selecting gated drivers which excite either the memory

coordinate line(s) or the coordinate line(s) of a magnetic core matrix

switch®s7,5, 9 which excites a memory coordinate

&. Diode Matrix Switch

Figure 1.08a shows a schematic of a diode matrix where for each

setting of the bi-stable elements one output will be positive with respect

to all other outputs which are at approximately the same potential, and

Fig. 1.08b shows a matrix where the opposite is true. By properly bias-

ing the gated drivers and using the correct type of diode matrix, either

one or all but ane of the drivers can be made to conduct when they are

gated on.

*The core switch cannot be used when several memory coordinate lines are

to be ercited simultaneously. Also, the diode matrix is unnecessary when

the number of switch coordinates equals
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If the drivers are gated, this is another degree of selection
in addition to that obtained from the diode matrix, and, therefore, each

matrix output can be used to control the grid potential of more than one

driver, each of these being selected by a different gate generator which

is in turn selected by a bi-stable element.

Be Core Switch

Fig. 1.08c is a schematic of a magnetic core switch. The switch
consists of an array of cores similar te the memory array, but unlike the

memory, every core is in the same state at the beginning ef each cycle
(State A as shown in the figure). Therefore, the problem of selecting a

single core from the switch core array is less severe than for the memory

array. The only requirements are that the sum of the selecting excita=

tions is equal to the switching current and that the unsalecting excita-
tions are of sufficient magnitude to bias all other cores so that they
eannet switch. The outputs from the switch cores excite the memory lines

directly, and the switch must be designed to give the proper outputs.
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CHAPTER 2

SENSING

2001 The Sensing Problems

In the previous chapter a memory core was assumed to be in

either one of two remanent flux states referred to as the ONE and ZERO

states, and it was assumed further that during the read operation only

a fully excited core in the ONE state induced a voltage in the sense

winding. These assumptions were made to simplify the discussion of the

selection theory, but in doing so, the sensing problems involved in actual

operation were hidden. If the hysteresis loop of Fig. 1.0la is assumed,

the number of coordinates would seem to be limited only by the value of P

and by the wire size and inside diameter of the cores, and there would

seem to be no inherent limit to the memory capacity possible. However,

if the actual hysteresis loops of the cores are considered,it is seen

that deviations from the ideal loops impose limitations upon the memory.

Although the hysteresis loop traversed under pulse operation and

the D.C. hysteresis loop differ, the remanent -flux states are essentially

the same, and the shape of the D.C. loop does give a good indication of

the suitability of a core material for memory application. Therefore,

this more familiar and easily ohtainahle loop can be used in a qualitative

discussion of sensing problems that arise in actual operation.

As can be seen in Fig. 2.Ola, the hysteresis loop is not

perfectly flat out to the knee, and therefore, is not sero in this

region. Consequently, the partially excited cores will induce voltages

in the sense winding during the read, and these voltages will add to that

induced by the selected core. Also, as a result of the various disturb

excitations, there exist not just a single ONE state and single ZERO state,

-26~
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but several ONE states and several ZERO states." If the voltage from

the disturbed ceres were a constant, the magnitude of a ONE cutput as

seen across the sense winding (i.e., the voltage output from a selected
core in a ONE state plus the disturb voltages) would always be larger
than the ZERO output, and it would always be possible to discriminate

between the two. However, the disturb outputs are not constant, but are

a function of the information state of the core,and, therefore, one

requirement must be that a fully selected ZERO output plus the narimm

possible sum of disturb outputs never exceeds in magnitude a fully
selected ONE output plus the minine sum of disturb outputs.""
2.02 The ONE and ZERO States

To determine qualitatively the different possible information

states of a core in a partioular system, it is convenient to think of the

magnetisetion process as consisting of both reversible and irreversible

processes; ' that is, either a very ali fraction or a very large

fraction of the potential energy is dissipated as heat, or in terms of

the path traversed in the plane, the path oleses for a reversible

process whereas it does not close for an irreversible process (Figs. 2.02a

21.12

and 2.02b).
For example, consider a core which is in the state represented

by point A on the major hysteresis loop of Fig. 2.02a. If this core is
excited with a current I,, the path in the G-NI plane will be along the

major loop to point B. Since the large change in flux was due mainly to

irreversible process, upon removal of the excitation, the core will
not return to state A but will move along path to state C. However,

*see Section 2.02
*%4gee Section 2.03
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if the core is excited with I, once more, it will move along h '
: to

approximately point B, and upon removal of the excitation it will follow
approximately path back to state C. In this case the process was

essentially reversible.

Figure 2.02b shows the path traversed in the 9-NI plane when

the core was placed in state C, starting originally in state D and exciting
with Ie and then removing the excitation. If the core is now excited

with it will not assume state B, but a new state, B, and upon removal

of the excitation, the final state will be C', the process being mainly

irreversible. Although in both cases the core passed through state C,

the final state was dependent upon previous history.
From the results of Chapter the different possible disturb-

ing modes for a particular system can be determined, and by reapplying

the examples shown, the various information states can be determined."

It should be realized that the assumption is made that the loops close

on the first traversal, while the actual process is an asymptotic one,

and, therefore, the number of possible states is infinite. However, this

assumption is a good first approximation, and the results are useful in

the system analysis.
2.03 Sensing Schemes

Assuming temporarily that the polarity of all the cores on

:

the sense winding is the same, the condition for reliable memory operation

can be summarised symbolically as follows

2€nin + nin) - [= + max) Vy
(1)

jan yous
- max 1 min)Va z€

"see Section }.02
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where

yONE the voltage output from a fully selected core in a

ONE state
= the voltage output from a fully selected core in a

ZERO state

4 the sum of the outputs from the partially selected

cores

and € is the required working margin to allow for system variations.

For simplicity the symbol V and not V(t was useds however, it should

be remembered that the voltages are functions of time evaluated at a

particular instant in time.

From the inaqnality above, it is easily seen that to marimi sa

the left-hand side, it is desirable to marimize the difference in the

first bracket and to minimize the difference in the second bracket. The

first is accomplished mainly through the choice of core material and

careful single core testing, whereas the second is accomplished both

through the choice of core material and the use of various sensing

techniques.

Ae Direct Amplitude Discrimination

1

1

Of the various sensing schemes to be discussed, the

simplest is amplitude discrimination in time. This scheme involves

sensing at the same time in each cycle which gives the best over-all

working margin for all addresses and patterns. Aside from its simplicity,

this scheme gives a very fast information access time and a short memory

cycles With some ferrite cores, these times are of the order of 1.and...

Simicroseconds, respectively. However, since the effect of the
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partially selected cores has not been appreciably minimized, the cores

must be carefully selected and the memory size is seriously limited by

the selection of cores. This assumes that there is a single sense

winding per digit. Any number of sense windings could be used to reduce

the effect of disturbed cores at the expense of additional sense amplifiers,
and this is a factor to be considered in the choice of a sensing scheme

for a particular system.

Be Post-Write Disturb

Several maans have been used in trying to reduce the effect

of the partially selected cores, one of the first methods being the

*post-write The assumption is that at the sensing

time the outputs from partially excited cores will be more nearly equal

if the cores are previously disturbed so as to make the outputs reversible.

(When this method was first presented, it was not thought of in these

terms, but this is what is actually being done.) In the general

n-coordinate system a series of pre-read disturbsmust be used to get

the cores into these reversible states."

Ce. Staggered Read

A more effective way of raducing the voltage outputs from

partially selected cores at sensing time is to use staggering in the

selection. The excitations can be chosen such that either the selecting

or unselecting excitations in each coordinate are sero and the selection

done in the following manner. All but one of the coordinates are excited,

the remaining coordinate being one in which the unselecting lines are

sero, and after sufficient time has been allowed to let the voltages

*see Section 2.03D

12,13
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induced in the sense winding decay to zero, the remaining coordinate is
excited. If there are a, driving lines in this remaining coordinate,
when it is selected only of the total number of cores will induce

voltages, one of these being the selected core, and thus the number of

disturb outputs at sensing time has been greatly reduced.

When considering staggering, some thought should be given

to the number of driving lines in each coordinate. Generally, the

number of driving lines per coordinate is made equal to minimize the

number of drivers required for a specified memory capacity. However, the

staggering technique can be used to a greater advantage if the final
coordinate excited is larger than the others since then a smaller fraction

of the total number of memory cores will induce voltages at the sensing

time.

By referring to the results of Chapter 1, it can be

shown that the staggering technique does not destroy the information -

states of the unselected cores. When either the selecting or unselecting

excitations in each coordinate are made sero, the values of the non-zero

1

excitations will be + if nis odd and + Ne if nis even. Also, the2

corresponding values of N odd n,and N_ are and N==
and i, = uand for even ne Therefore, when all but the last

coordinate are excited, the minimum excitation any core receives is
odd n (2)

and

nt for

(3)( =») (==)n-2 n-2 for even nnt nt

and the value of the meximm excitation any core receives is

) (AF) for odd n (4)
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and

(5)nt for even n2

Recalling that the cores must be capable of withstanding excitations

of + for odd n and + for even n, it is seen that the above

procedure has not switched any of the cores in the array.

De Amplitude Discrimination after Integration

Through the use of a pre-read disturb sequence it is
possible to get all but the selected core into states that will give
essentially reversible outputs when partially excited during the read,

and since by definition there is no net flux change for a reversible

output, the effect of the disturbed cores can be eliminated by integration.

However, in actual operation the outputs are not completely reversible

and these cores still have some effect although it has been reduced by a

large factor.
The need for selective disturbing can be explained best by

observing that if the partially excited cores receiving a positive read

excitation are previously disturbed with the merimm partial excitation

and those receiving a negative excitation are previously disturbed with

the minimum partial excitation, they will be in states which give

reversible outputs during the read. If none of the cores receive a

negative excitation during the read, a disturb similar to the post-write

disturb is sufficient. However, for most cases, the disturbing must be

selective, being done by exciting the different coordinates in various

sequences just before the read. (See Section 40h.)

E. Sensing Schemes Using Difference Aaplifiers
Several schemes which make use of a difference amplifier

are outlined in Reference 13. One of these uses a double read pulse
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after having disturbed the array so that there is only a single ONE state
ani a single ZERO state, all of the cores being in either one or the

other. If the first read output is delayed and compared with the second

read output in a difference amplifier, the outputs from the partially
excited cores will be the same for each cycle and cancel.

A second proposal postulates a read current with the rise
and fall times equal. If the outputs from the partially selected cores

are the same in magnitude but the opposite in polarity at the beginning

and end of the read pulse, by properly delaying and comparing in a

difference amplifier, these outputs can be made to cancel. Actually

cancellation here is only partial at best.

20,
To quantitatively analyse the sensing problems involved with a

particular memory system, it is always necessary to determine the number

of cores receiving a specific excitation. A means of doing this is to

use the same technique used in deriving the theory of selection where

the excitation on all the core was diminished by one unit." Then the

problem becomes that of determining the number of cores having k unselect-

ing lines through them where k and the value of the unselecting

excitation is generally either ors depending on whether n is

The Number of (1-kU) - Excited Cores

-2
nt

either odd or evene

Consider the system with coordinates X}, Xg°°* X, and let

dy» dys coed, equal the number of drivers in the respective coordinates.

"see Section 1.03.
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n

The total number of cores in the array will be TT 4y any line in

R

jel
cores. There=-the mth coordinate will excite of the total number of

fore, when the ath coordinate is unselected 4-1 TT dy
cores will

m Jel
receive units of unselecting excitation. By using this fact a general

formula can be deduced. Consider first unselecting only coordinate Xs
then

q 74

d,-1 n cores will receive 1 - J units

d cores will receive 1 unit1

jel
Tf xy and X are unselected, then

- 2U unitsd,-1 n
Tr a, cores will receive 1
j=l

1 2, d,-1 cores will receive 1 - U units

dj-l ny cores will receive 1 - U units

cores will receive 1 unit
j*

Summing the terms, the results become

cores will receive 1 - 2 U units
5-1

(4,-1)-(d)-1) n
q,

cores will receive 1 - U units

cores will receive 1 unit
aaTh
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Carrying this procedure further the general form can be obtained for the

case when all n coordinates are unselected. In doing so it is seen that
each expression for the number of cores receiving l-(k-1)U units of

excitation can be obtained from that for 1-kU units, except for a constant

factor, by adding the partial derivatives. Also d, will be cancelled

by the factors in the denominator when al], n coordinates are selected.

let Gg the number of cores receiving 1-kU units of excitation.

C, tL(a, 1) (1)Then

1
k 1,2, (n-1)

(2)

=1 (3)

@ Since the marimm number of cores can be selected with a given number of

drivers when the number of drivers in each coordinate is the same, it is
of interest to determine the form that these expressions take for this

Casee

Then

or

let d= d= ee

(a-1)"
= 1 n(d-1)

n-2
Cio" 1 n(n-1) (d-1)

n(n-1)***(kel) (d-1)*

(4)

(5)

(6)
n-1

1 (7)

n(n-1)+**(n-k+1) (d-1)*, kkt
(9)
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2.05 ONE ~ 2ERO,,Ld

The next step in this analysis is to determine the difference

between ONE in and ZERO. ox where

min yONE 4 min (1)1

and

= max 4 ) Vg (2)

Since there: are generally several ONE and several: ZERO

states possible and the disturb outputs from these states are different,

it is difficult to derive a general expression for this difference.

However, a general expression can be derived which can be used to obtain

a lower limit, or modified to fit a particular case.

Assume that the sense winding goes through all the cores such

that the voltage output induced by each core is positive when it is

excited with a positive read current. The output voltage induced in the

sense winding will be then the voltage from the selected core plus the

sum of the voltages from all the partially excited cores. From the

hysteresis loops, the indication is that the largest positive disturb

voltages will come fron cores ina particular ONE state and the minimum

1ZERO

positive voltages will come from cores in a particular ZERO state."

the voltage from a core in the ONE state giving the

largest positive voltage output and receiving 1-kU

units of excitation.

and

let ONE

1-kU

the voltage from a core in the ZERO state giving the

smallest positive voltage output and receiving 1-kU1-kU

units of excitation.

*see Section 1.02
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If it is assumed that these states also give the smallest and largest

negative outputs respectively, then

(3)
and

1 >a G, 1-kU (4)

Let
bog =

1-kU 9
Then

ONEmin yo +1

$140 (6)

This expression gives a lower limit which is usually not obtain-

able in actual operation. The actual worst difference is somewhat better

than this since the mode of operation does not permit all of the cores

to be in these worst states at the same time. A closer approach to this

figure can be obtained by analysing the particular system to determine

the different possible ® and the worst possible combination of

these obtainable; however, this becomes very involved becausetof the effect

of previous history on the state of the cores.

2.06 Sense Winding Geometry

The effect of sense winding geometry on the difference between

ONE and ZERO is the next point to consider, and for all but a very

small array, this difference can be shown to be independent of the winding

geometry if air flux pickup is neglected.

Consider just two cores of an array, the selected core and a

core receiving 1-kU units of excitation. Pass a sense winding through

1 1ONE yous

the two cores such that the voltage outputs add. Then,
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(2)ONEmin 1

(2)+1
and

(3)1 1ONEmin
- banZERO

Now pass the sense winding through the two cores such that the voltage

output of the disturbed core is of opposite polarity.

Then,

ZERO

and

ONE 1 (h)_ yONE1-kU

1-kU1

ONE in -
ZERO, $y xy (5)yOMB _ yZERO _

Therefore, changing the polarity of the disturbed core did not affect

the magnitude of ONE minus ZERO for the selected core, and since

the disturbed core was any one in the array, this will be true for the

case when the winding goes through al] the cores of the digit plane.

Since, except for very small arrays, the magnitude of OME and

will be the same for every address, ONEain minus ZERO is independent

nin

min

of the sense winding geometry-

Although ONE in minus ZERO is independent of geometry, it
should be realized that the individual quantities are affected and,

consequently, the ratio of ONEain to ZERO is a function of geometry.

Air flux pickup varies with geometry too, and these factors must be

considered in designing a system.
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PART IT

& L-COORDINATE READ - $«GOORDINATE WRITE CORE MEMORY SYSTEM

CHAPTER 3

INTRODUCTION

3.01 History of the M.I.T. Core Memory

The most successful work in magnetic-core memories has evolved

from a proposal made in 19,9 by Jay W. Forrester. It suggested the

use of magnetic cores as memory elements and illustrated a 2-coordinate

read, 3-coordinate write scheme of the general type discussed in Part I.
(See Fig. 3.Ola.) In 1950, W. N. Papian investigated this proposal,

and found that metallic-ribbon cores with hysteresis loops of sufficient

rectangularity for memory application were available? From the results

of this investigation, a one digit memory of h bits was built,
@ eventually this was expanded to 256 pits.2> However, during this period,

powdered ferrite cores were being developed which were faster switching

ani cheaper to manufacture than the metallim=ribbon cores,and, therefore,

further experimentation was concentrated mainly on the use and develop-

ment of ferrite cores. By 1953 the two banks of electrostatic storage

of Whirlwind I (2048 17-digit registers) had been replaced by ferrite

core storage, and by the spring of 195) a memory of twice this capacity

was operating reliably. At present, serious consideration is being

given to the possibility of constructing memories of even larger capacity,

and one of the problems to be dealt with is the increased number of

vacuum tubes which would be required for the larger system.

3-02 Memory Systems with More 3 Coordinates

By ..using magnetic-core gwitches and by increasing the

number of memory coordinates, the number of vacuum tube drivers necessary
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for a given memory capacity can be reduced by a large factor. A great
deal of work has been done on the analysis and design of the core

but no work has been done previously to investigate the

possibility of memory systems with n> 3. It is only due to the improvement

of core naterials that such an investigation is now worthwhile.

As n increases the number of drivers is reduced and better core

materials are required. This is true because;

1. For a given memory capacity the number of coordinate lines

decrease as n increases and a larger fraction of the memory is excited

by each coordinate line.

switch,6,7,8,9

» the cores must have more rectangular2. Since pmin nt
hysteresis loops as n increases.

3. With a given core material, ONEnin" ZERO will decrease

partially and the value offact that more?cores

the maximum partial excitation increases with increasing ne

The third point mentioned is the most important disadvantage of increasing

n since it affects the working margins of the system.

In many computer applications, a memory system is designed

primarily with reliability in mind. If the term is defined as the ratio

of the number of memory cycles to the number of errors, it is essentially

the reciprocal of the probability of the operating point drifting from

its optimum setting into a region of error?! This probability is

dependent upon many things including the probability of tube failure and

the size of the working margins. Therefore, any evaluation of a system

design in terms of reliability must not only consider the tube count, but

also the effect this design has on margins»
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3003 The Proposed Investigation
The remainder of this thesis will be concentrated on determining

whether a large capacity memory using a lj-coordinate read - S-coordinate

write is practical from the standpoints of reliability, speed and cost.

In Chapter 4 the general theory of Part I will be applied to this specifie

case, in Chapter 5 the data obtained from single cores will be analyzed,

and in Chapter 6 the experimental analysis of a 8 x 8 x 8 x 8 memory

port 6R-235

plane will be given along with the final conclusions.
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CHAPTER 4

SELECTION AND SENSING

h.01 The Selection System

The following be placed on the system to be

analyzed.

1. The read will use a h-coordinate selection system and the

write will use a 5-coordinate selection system.

2. Either the selecting line or unselecting lines in each coor-

dinate will use a zero excitation, and the excitations will be chosen to

obtain the best possible selection ratio.
With these specifications in mind, the results of Part I can be

evaluated to determine the necessary excitations. For the read,

dy -8, = -2 =-3 (1)

with

N, 3 (2)

and

N= =1 (3)

and for the write,

5 (4)

with

u

2

(5)3
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and

(6)2

These results are tabulated below, and Fig. shows the read wiring
schematic for a digit plane. The wiring for the write is the

same except for an additional winding in each digit plane, this winding

passing through all the cores of the plane.

TABLE Ola
READ EXCITATIONS

x x1 x, -3 x,
1/3 1/3 1/3

u 0 0 0 -1/3
j
j

TABIE .01b

WRITE EXCITATIONS

1 2 3 5

3 ~1/3 -1/3 1/3 0 0

u 0 0 0 1/3 1/3j

X x

j

The selection ratios obtained with these excitations are:

(7)nr2 -3
3

for the read selection, and

n-L -3 (8)3
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for the write selection.

4.02 The ONE and ZERO States

Assuming that the hysteresis loops close upon the first traver-

sal, there will be a finite number of ONE and ZERO states, and these may

47.

be determined from the different possible read-write sequences tabulated

below

TABLE ),.02a

POSSIBLE READ-WRITE SEQUENCES CF PULSES RECEIVED

BY CORES IN THE PLANE

If the information written if the information written
in the selected core is ONE in the selected core is ZERO

Read Write Read Write

If core in
question is 1 -1 1 -2/3
selected

</3 -2/3 2/3 -1/3

1/3 -1/3 1/3
Tf core in
question is
unselected

1/3

-1/3 1/3 -1/3 2/3

*see Section 2.02.
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These states and the associated hysteresis loops are depicted
in the sketch of Fig. and combinations of read-write sequences

that will place a core in each of these states are given in Table .02b.

To determine the accuracy of the qualitative picture given in
Fig. 4.02a, D.C. hysteresis loops were obtained for a typical memory core

material (Fig. ).02b). From these loops it can be seen that for the

smaller excitations the assumption that the loops close on the first
traversal is quite good whereas for the larger excitations this assimp-

tion is less accurate. However, since the results of this section can be

used in obtaining only a rough indication of the working margin, any

more accurate assumptions would only add to the complexity of the problem

without increasing the accuracy of the results.

@ 4.03 The Memory Plane Qutput

As was stated in Section 2.05, because of €hé many information

states that exist, it becomes nearly impossible to predict the memory

plane output since it will be a function of both the pattern stored and

the sequence of register selections. A very pessimistic estimate of the

worst difference that will exist between a ONE and ZERO output can be

18.:

obtained for this system byevaluating -equation 2.056)for rl,"
4

ONEmin ~ZERO ax -1 C,(n) (1)1 k

and if d

ons,ZERO,ax 1 4(d-1) 975
- 6(a-1)° vA1

- anh,/33

"one sense winding per digit plane is assumed.
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TABLE 4.02b

SEQUENCES FOR OBTAINING A GIVEN STATE

State"
Cycle 1 Cycle Cycle 3

Read Write Read Write Read Write

1 1 -1

2 1 -1 1/3 -1/3

3 1 -1 1/3

k 1 -1 2/3 -2/3

1 -1 2/3 -2/3 1/3 -1/3

6 1 -1 2/3 -2/3 1/3

7 1 -1 2/3 -1/3

8 1 -1 2/3 -1/3 1/3

9 1 -1 -1/3 2/3

10 1 -2/3

n 1 -2/3 1/3 -1/3

12 1 ~2/3 1/3

13 1 -2/3 2/3 -1/3

W 1 =2/3 2/3 -1/3 1/3

15 1 -2/3 -1/3 2/3

*the numbers refer to Fig. ).02a.
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= yard, (aS,
-(d-1) -1/3 (2)

where the Sis are the worst possible. However, in actual operation it
is impossible to get all the cores into the worst states simultaneously,

and therefore, the results given by be overly pessimistic by

an order of magnitude.

If staggering is used in the selection, this margin (between

OME and can be improved greatly since then only 1/d of the

total array will give outputs at the sensing time. Also, a pre-read

disturb sequence and integration can be used, and for this case equation

4.02-(2) still applies, being evaluated for the new values of S
4.0 Selective Disturbing

It was pointed out in Section 2.03 that for some sensing

schemes, it is necessary to have cores in states that will give rever-

sible outputs when selected, and that this could be done by a selective

pre-read disturb sequence. For the case under consideration this sequence

can be determined by observing the following points.

1. Since during the read. part of the array will receive

positive disturbs and part will receive negative disturbs, the disturb

sequence cannot consist of a single excitation on a winding common to all
the cores of the digit plane, as was true of the post-write disturb of

the system when r2,for states which give reversible outputs for posi-

tive excitations will give irreversible outputs for negative excitations

min

and vice versa. 'The pre-read disturb must be such that all cores receive

an excitation equal in sign and at least equal in magnitude to the excita-

tion received during the read (See Fig.
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2. The only negative read disturb is a -1/3 disturb, and

since driving lines in only one coordinate are negatively excited, and

this excitation is -1/3, the previous selection of this coordinate alone
will put the cores negatively excited during the read in states which

will give reversible outputs. These cores will be unaffected by any

pre-read selection of the remaining coordinates.

3. If the remaining coordinates are selected two at a time

using the three possible combinations, all the cores receiving a 2/3
excitation during the read will be pre-disturbed by this amount, and all
those receiving a 1/3 excitation will be pre-disturbed by at least 1/3
and at most 2/3.

Therefore, the disturb cycle consists of pulsing coordinate

x, (Fig. Ola) and then pulsing the remaining coordinates two at a

time, and followed by % and followed by x and
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CHAPTER V

SINGLE CORE DATA

5.01 The Core Material

In order to make a preliminary selection from the large number

of core materials available, use was made of the wealth of data taken at
M.I.T, for 2 to 1 selection operation, The available data consisted of
two types; that obtained from 60 cycle hysteresis loops' and that obtained

from pulse tests. A quantitative index of hysteresis-loop squareness, the

"squareness ratio" (see Figure 5.0la), had been defined and for each material

data had been taken for the loop with the highest squareness ratio. This

ratio then had been used as one means of comparing cores for memory applica=-

tion, the assumption being that the 60 cycle loop gives some indication of

pulse operation, and that to a certain degree, the higher the squareness

ratio the better the core. The cores with the higher squareness ratios

and lower driving currents then had been pulse tested to determine the

voltage outputs from the possible states and on the basis of these out-

puts, a final choice was made.

In selecting a material for the system under analysis, the same

techniques could have been used, A new squareness ratio could have been

defined (Figure 5.01b) and materials chosen on this basis with a final
decision having been made fran pulse tests. However, to economize

on the time allowed for this study, the initial selection was done from

For this application the 60 cycle loop can be considered equivalent to
the D.C, loop.

Sh-
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a study of the hysteresis loop data that had been obtained for the 2 to 1

selection system. The assumption made was that the squareness on the 2

to 1 basis gives an indication of the relative squareness on the 3 to 2

basis. Using this assumption and adding the restriction that the maximum

driving force required be less than 1 ampere, several core materials

were chosen for an initial pulse test and from these the core material

chosen for extensive analysis was General Ceramics type body MF 1326-B,

F=39 die size. There were several core materials that might have been

used and the final choice was based mainly on the facts that it was a

faster switching material amd that a sufficient number of cores were

readily available for building an 8 x 8x 8 x 8 digit plane.
5,02 The Pulse Tester

The pulse tester was made up using Burroughs test equipment and

Model V core drivers"° and core outputs were observed with a Tektronix

51yD, series A oscilloscope, a Tektronix 121 preamplifier being used when

necessary. The tester was capable of placing cores in any one of the

possible states of Figure and then exciting them with any one of

the six possible excitations. Binary counters were also included in the

logic so that any read-write cycle could be repeated up to 096 times.

Figure 5.02a shows a block diagram of this set up.

5.03 Pulse Test Data for MF 1326B

Fifty MF 1326B cores were chosen at random from Lot G92 and used

in obtaining the pulse characteristics for a 3 to 2 selection ratio. (The

cores had been previously sorted for 2 to 1 operation and at the optimum

selecting current of 820 m.a., the fully selected outputs ranged from
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105 to 120 These cores were driven simtaneously and the sum of

the individual outputs was observed on a winding common to all the cores,

Prelininary experimentation showed that for a 3 to 2 selection system

the optimum eurrent lay somewhere between 550 ani 650 ma,ambithati
in this range, the various disturb voltage outputs were such that it
would be impossible to operate an 8 x 8 x 8 x 8 digit plane with a single
sense winding, using only amplitude discrimination. Pictures of these

voltage outputs were taken for selecting currents of 600, 650 and 700 mms

with rise times of approximately 5 usec and those for i= 650 are shown

in Figures 5,03a threugh 5.03d. Taking measurements from the pictures

an average value for each output was calculated on a single core basis

for the time when the fully selected ONE output was maximum and these

values are tabulated in Table 5.03a,

Equation 4.03 can be evaluated using this data and for

3 3 3

= 04h = 2001 - 28(.0053) - 294(.0008) = 2101( 0007)

= -.001 = 2.16 <0
Clearly, the magnitude of the disturb voltages is such that it would be

impossible for the system to operate. The fact that the difference is

negative indicates that the magnitude of the ZERO can exceed the magnitude

of the ONE, Even if the results are in error of ten, this

I, = 650 ma and dy =d, =d, = d, = 8.

6(a-1)*1 1nin ZERO|
ZERO

max 6

would still be true. The situation could be improved some if the sensing

were done a little later in time since although the fully selected ONE
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TABLE 5.038

VOLTAGE OUTPUTS AT A GIVEN SENSING TIME

EXCITATION VOL OUTPUT (Volts)
STATE

1, 17650

1 1 e 0
1 2009

2070

1 e
049
2050 206

1 20612032
@

6. 1
1 2032 2000

2032 2060
1 2032
1 2032 eo

10 1 2001 001 2001
nu 1 2001 2001 2001
12 1 2001 2001 2001

1 2001 2001 2001.
1 2001 2001 2001

2 20052 20050 20060
2 20054, 20060
2/3 0 20056 2006
2/ 20026 20021, 20048
2/3 2002, 2002h, 20048
2/3 00 20024 2001s!
2 20012 20008 20014,
2 20010 2000 20014

10 2 20008 20003 20006
nD 2/3 20006 2000,

2/3 20007 000K, 0003
22/3 20006 2000h, 2900

2 000k, 20002
15 22

1

1

2
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TABLE 5.03a (Contimed)

EXCITATION VOLTAGE OUTPUT (Vol )
STATE

T, 1 =600.ma, ma. 1-700. e

1 01 20010 20009
2 2000220003

1 20002
20003

2000220003
1/3 20009 20005 20005

20002
1 20003 20003

2000220004
20005 20003 2000),
20003 20003 2000373

10 if 20005, 20003 20005
ae 1 20003 20002 0002
12 20003 20002 20002

1 20003 20003 20002
20003 20002 20002

~ .000 -20003
2 = ,000 .0003

1 = 0008 -20006 = .0005
= 0007 -20009

=,0005 =o
-1 =,0009 0007 = 0006

7 -1 =-,000
-20008 20009 ,0006

10 -1/ ~ 20003.
11 ~1/3 =,000h -20003
12 ~ ,0006 ~ e000

-20003 -20002 -20003
20005 000 =

1

1/3

NOTE: 1. The sensing time for was .80 usec. after the time
+ marker shown in each of the photographs, and for and

T 700:mip » it was .65 psec.

2. At the time the data was taken, the mistaken impression was
held that states 9 and 15 were impossible in system operation and

respectively.
consequently no data was taken for these states; other results
indicate that they do not differ greatly from states 8 and
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will be smaller in amplitude, the difference between the disturb voltages,
which are much more numerous, would also be less. However, data from the

8x 8x 8 x & digit plane shows that there is not sufficient improvement,

and therefore, other schemes, such as staggering in selection or disturbing

ani integrating, must be considered."

Since the data indicates that if the system is to operate at

all, a more sophisticated technique of sensing must be used, possibly

involving integration, a set of pictures were taken showing the integrated

outputs for I, = 650. A simple RC integrator with R = 100k and C = 220 put

was used,and the integration was done from the start to the end of the

read, the theory being that the integral of the reversible outputs is sero.

These pictures are shown in Figures 5.03e through 5.03h and a comparison

of this data and that already presented is given in Table 5.03b. The

important point to note is that to a first approximation, those outputs

that were predicted to be reversible are

One final test was made to determine whether the cores were

disturb sensitive, i.e., whether information was destroyed by repeatedly

disturbing a core without rewriting. To determine this the cores were

put in State 9 with I 700 and then disturbed repeatedly from 1 to 1,096

times with a 2/3 disturb pulse. The results of this test indicate that

after an initial smal] change in the peak amplitude of the ONE output,

no further change was noted. Figure 5.03i shows the outputs after 1,

6h, and 096 disturbs.

"see Section 2.03

"see Figure
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TABLE 5.03b

A COMPARISON OF UNINTEGRATED AND
INTEGRATED OUTPUTS

Baa.

EXCITATION UNINTEGRATED INTEGRATED

1 1.00
2 1 298
3 1.00 297
h 290 209

1 290 ob2
1 200

T2 1 302

STATE OUTPUTS OUTPUTSI, (Normalized) (Normalized )

1
:

1
1
1
1

1
10 1 02
1 1 002

1 202
021

1
2 1002

1022
2 olla 121

12
202

2
2 2

OL 22
2

10 2
1 02

ry0212
008 20102 02

2
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TABLE 5.03b (Continued)

EXCITATION UNINTEGRATED INTEGRATED

OUTPUTS OUTPUTS

t 1 2020 0
2001

1% 2000
3 2010 2010

2003
2004 2000

1/3 2006 2004,
1/3 2005 2000
1/3

10 1 2006 Oly
e 2009if 2003 2000

1/3 2005 2003
1 2000

=)/ -.010 -.000
-.010 -,000
-2012 -,001

1 -,009 =,000
«1/3 -010 =,0C00

eo01), =-,00272 = e010 =,000
1/3 =,017
~1/3

10 = 2007 000
11 = 007 0
12 011 = 2003

=,0000 = 2001
BIS 2

ATE

1

NOTE 1, The sensing time for the unintegrated data is .85 usec. after
the time marker, and for the integrated data 3.5 psec.

2. In doth cases the data has been normalized with respect to the
maximum output.
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CHAPTER 6

OPERATION OF AN 8x8x8x8 DIGIT PLANE

6.01 The Digit Plane
The data of Chapter 5 gave some insight into the sensing prob-

lem, but more experimentation was needed before any final decisions could

be made as to the practicability of the system. Although the data indi-
cated that with a single sense winding amplitude discrimination alone was

not a satisfactory detection technique, the possibilities of either stag~

gered selection or a pre-read disturb sequence followed by integration

still remained. to be investigated. Instead of predicting the results

from single core data, more accurate information was obtained by testing

the different schemes on an 8x8x8x8 digit plane, selecting different cores

by manually switching the drivers from one coordinate line to the next.

The plane constructed for testing the different sensing schemes

was made of MF1326B cores which had been tested for normal 2 to 1 opera-

tion, but had not been tested on the 3 to 2 basis. It was realized that

the allowable variations in the fully selected ONE outputs were probably

greater than could be allowed on the 3 to 2 basis, but it was felt that

at sensing time, the different types of disturb voltages, which are of most

concern in this study, would be uniform enough to give sufficiently accu=

rate results. The plane was wired following a pattern similar to that

shown in the schematic for a plane (Fig. heOla). A cancelling

sense winding was used ies, if all the lines in any coordinate were similarly

excited, half the cores would induce positive voltages in the winding and

the remainder negative voltages. Fig. is a photograph of the plane.

In all there were ten #38 wires passing through each core, and the actual

-T3-



FIG. 6.0la
AN8x8x8x8MEMORYDIGITPLANE
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@ wiring time was approximately 50 hours, the wiring being done by a tech-
nician experienced in building planes of the same physical dimen-

sions.

6.02 The Memory-Plane Tester

Fig. 6.02a is a photograph of the memory-plane tester, and

Fig. 6.02b is the block diagram. The equipment used was the same as

that for the core tester with the addition of a balancedinput sense

amplifier (Fig. 6.02c).
The tester was capable of doing the following:
1. Any one of four addresses could be selected mamally

through the use of toggle switches, and the four driving lines
that comprised this group could be changed by resoldering.

2. At any of these addresses a simple readwrite cycle,

@ or a preread disturb sequence followed by a read-write cycle,
or a staggered readwrite cycle could be used.

3. All ONEs or all ZFROs (states 1 and 15, respectively)
could be written by fully exciting the digit-plane winding.

h. Patterns that gave approximately the minimun ONE and

maxinm ZERO could be written by exciting the sense winding

with This would leave the cores of one polarity in a ONE

state and those of the opposite polarity in a ZFRO state, and

would tend to marimize the magnitude of the net output from

the disturbed cores.

6.03 Experimental Results

After making preliminary experiments at different current

settings to determine the best operating range, the data were taken in
@ the form of photographs, and those which seemed most significant are
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shown in Figs. 6.03a through 6.03c.

In the first tests that were made only amlitude discrimination

was used, and as was predicted in Chapter 5, it was possible for the

magnitude of a ZERO plus disturb voltages to exceed the magnitude of a

ONE plus disturb voltages. Likewise, when the scheme involving a pre-
read disturb and integration was used (Fig. 6.03a) although the results

improved by an order of magnitude, there were cases where the magnitude

of a ZERO plus disturb voltages was larger than the smallest magnitade

of a ONE plus disturb voltages. The last scheme tried was the use of a

staggered read, and this seemed to offer a promising solution.

The first data taken with the staggered read* were discarded

when it was discovered that the results were in error because of air-
flux pick-up. 'This pick-up was due to the fact that what was assumed to

be non-inductive sense winding was only partially so because of the

position ef the return lead.** 'The error was corrected,and Figs. 6.03b

and 6.03 show outputs for various pattern sequences. An attempt was

made to approximate the worst results that might arise in actual opere-

tion, but it shold be observed from the photographs shown that, as

would be expected, not only were. the magnitudes of the outputs influenced

by the pattern of information stored in the plane, but they were also

inflinenced by the previous history.
The procedure used to obtain each sequence of photographs was

first, the digit plane winding was excited with tI, to establish a

pattern with all the cores in the same ONE state, .and then a ONE and

:

# See Reference 20
we For a genera] diseussion of sense winding geametry and its relation

to the pick-up problem, see Reference 21.
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ZERO output from a selected core were photographed. Next the sense

winding was excited with tI, placing the cores of one polarity in a

ZERO state and cores of the other polarity in the ONE state, and again

the outputs were photographed. Finally, the sense winding was again

excited to store the complement pattern in the plane ari the outputs

photographed.

A study of the data shows that although the margin is small,

the smallast ONE does exceed the largest ZERO, and when it is recalled

that the cores were not tested for a 3-to-2 selection schene, the results

are encouraging. It should also be noted that the magnitude of the

difference between the smallest ONE and largest ZERO for the positive

core chosen is a good deal larger than that for the negative core

chosen,. and this indicates that there is an appreciable variation in the

core outputs, both fully selected and disturb outputs, and that careful

core testing at the operating currents would greatly improve the results.

60h Conclusions

The data already taken indicate: that more extensive analysis

of the proposed system is well worthwhile. It was shown that a core will

hold its information even when repeatedly disturbed and that the major

problem is due to disturb outputs mabking the signal. For the ),096-bit

digit plane, «the effect of the disturb outputs is reduced by the use of

a staggered read to the point where successful operation possible.

To further evaluate the proposed system, a comparison can be

made with a comparable }096-register memory using a 2-coordinate read~

3-coordinate write. A 6hx6h digit plane will require at least 2(6lr+6h)=256

driving cathodes, whereas an 6x8x8x8 digit plane will require 2(8+6+6+86h,

or the former mmber, The excitation of each driving line in the
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2-coordinate system is 1,'/2, and in the }-coordinate system only

I,,"/3 where the value of I is of necessity less for the h-coordinate
case, and experimental results indicate that the current per driving
line for this system wld be about 1/2 the current for the 2-coordinate
system, Although the current is less for the ]-coordinate case, 1/8 of
the total array of cores mst be excited by each driving line as comared
to V/6h for the 2-coordinate case, and it may be necessary to use a more

comlicated driving circuit in the former system to obtain a comparable
rise tine.

In the 2-ceordinate system, two 6h-position crystal matrices
are needed and because of the considerable load this presents, the

flip-flops which control the m trices mst be followed by cathode followers.
With the h-coordinate system, four 8position matrices are needed, and

the load is reduced to the point where the flip-flops could probably
drive the matrices directly.

The magnitades of the total disturb outputs can be compared

roughly by determining the "core-amperes" for each case. That is, the

mmber of excitations received by each core sumed over all the cores in
the plane. For the 2-coordinate case as operated with no staggering

"core-amperes™#E 128 x T,'

and for the h-coordinate case with staggering

"core-amperes® = 096 x I"
3

Since I,' the "core-amperes" increase roughly by a factor of 2

for the'hee ate case. If the hysteresis loop were linear in this

region and if the loops for each case were the same, then twice the
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disturb output could be expected far the h-coordinate system. However,
the hysteresis loop is not linear and therefore, the excitation
in the h-coordinate system produces outputs which are less than would be
encountered if the loop were linear. On the other hand, the leop tra-
versed in the 2-coordinate system is larger and has smaller slopes, and
this would tend to decrease the size of the cutputs as comared to the
h-coordinate loop. These two factors then are seen to work in opposite
directions and as a rough approximation might be considered to cancel
one another.

Another factor which must be considered is that the ONE output
for the h-coordinate case, which is, after all, the signal te be detected,
is about 1/2 as large as the ONE obtained for the 2-coordinate case. The

net result then, is that very roughly the ONE to ZERO ratio for the

h-coordinate system using staggering should be about 1/) that obtained

for a comparable 2-coordinate system not using staggering; the photographs
show it is sanewhat worse than this.

One final comparison to be made is between the memory cycle
times. These times are approximately 6Msec: for the 2-coordinate'«

system and Qusecs. for the h-coordinate systen.
In summarizing the results, it can be said that if a smaller

working margin and longer memory cycle are allowable, a considerable

reduction in driving cathodes can be made by using a h-coorfinate read-

S-coordinate write systen.*

# Since the time this work was begun, better cores have been developed
and experimental work has also been done on diode mixing at low levels
of signals from multiple sense windings. These further developments
indicate that a reliable sensing system can be developed.



Report. 62-235 -88_

1. Widrowitz, B., AN RF Readout System for a Coincident-Current

2. Frank,

36 Everett, R. R. Selection Systems for Magnetic-Core Storage

he

5e Brown, D. R., A Hi
MIT.

Te

8.

Ge

10. Rising, H. Ke, High-Speed Magnetic Pulse Control Circuits for

REFERENCE BIBLIOGRAPHY

Memory, Electrical Engineering .
Thesis (May 24, 1953), MIT.

W. I. Rectangular Hysteresis Loop Materials in a Non-
Gestractive Read bystem, Electrical Engineering
Thesis (May 25, 1953), MIT.

Report E-1,13 (August 7, 1951), Mi? Servomechanisms
Laboratory.

Brown, D. R.,& Rectifier Network for Multi-Position Switching,
Rochester, Ne, Report R-1),1 (August 36, 1944), ML! Servomechanisns

Laboratory.

Elec ical Engineering Thesis (March I9]9),
be Olsen, Ke He, A Magnetic Matrix Switch and Its Incorporationinto

a Coincident-Current Memory, Report R-211 (June 6,-
1952), MI? Digital Computer Laboratory.

Katz, A.,& Switch-Core Analysis I, Report E-500 (November h,
Guditz, E. Asg 1952), gi mputer Laboratory.

Raffel, Je Io, Switch-Core Design and Power Loss, Report M-23))8
(August 7, 1953), Division 6, Lincoln Laboratory.

Raffel, Je Ie, Switch for Register Selection in a Magnetic-Core .
Wemory, Electrical Engineering Thesis (May, )»

To

ue Besorth, Re M, Ferromagnetim, D. Van Nostrand Company, Ince (1951),

omputer pplications, Electr cal Thesis
ay

New Yorke

12. Freeman, J. Re, Pulse Re onse of Ferrite Memo Cores Report M-2568
Cember oy 955/5 vision co n Laboratory.

13. Caiity, W J.,& Read-Out and it Plane Dri 62
Fine, ReportH-2197 ("ay 28, 1953)

Laberatorye

1h. Forrester, Je We, ital Information Storage in Three Dimens ons
ores



Report GR-235 ~89-

18. Brown, dD R.» A Squareness Ratio for Coincident-Current Men

19.

20.

REFERENCE BIBLIOGRAPHY

15. Papian, We N., A Coincident-Current
R-152 (September 8, , MIP

ic Memory Unit, Report

Laboratory.
16. Widrowitz, B., The 16-by-16 Metallic-Core Memo Array Model I

Report R-21o (September 25, 1953), MitDigital
Computer Laboratory.

17. Widrow, Be,
b r ,19 3); Division 4, incoln

the Ma etic-Co System in aC ter.
Laboratory.

Cores, Report (July 16, 1952), Mr? Digs
Computer Laboratory.

Drogua, WwW. Gey
Rathbone, R. BR. &
Sutro, L,
Di Nolfo, R. S., Mul ti-Coordinate Selection Systems For Magnetic-Core

Storage, Electrical Engineering Thesis (August,
HTT,

a. Raffel, J. I., Sensing Winding Geometry and Information Patterns,
Report M-2919, (July 22, 195),Division 6, Lincoln
Labor.atory.

af

Standard Test Equipment Report R-215 (September 1,ett, J.°Be,
Best, R. Ley igi computer Laboratorys



al



R-216

THE 16 BY 16 METALLIC MEMORY ARRAY, MODEL 1

BERNARD WIDROWITZ:

ACHUS
Ky

DIGITAL COMPUTER LABORATORY
OF

orTECA>

SSACHUSETTS INSTITUTE OF TECHNOLOGY



Report R-216

THE 16 x 16 METALLIC-CORE MEMORY ARRAY,
MODEL I

.1 "baw,

:

We

by
Bernard Widrowitz

DIGITAL COMPUTER LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Cambridge 39, Massachusetts

September 25, 1952



Report R=216

TABLE OF CONTENTS

Foreword,.... eo ddi

Abstract. «

Chapter I - Introduction, ,

Chapter II - Core Testing, 6

Chapter III = Design of the 16 x 16 Array..

iv
1

il
Chapter IV - Address Selector, Drivers, Sensing Amplifier

and Associated Electronics.......cceeld
Chapter V Block Diagrams, 28

Chapter VI Operating Characteristics, 43
Reference Bibliography...



Report R-216

FOREWORD

This report contains a history and some technical

details of the development of our first two-dimensional,

coincident-current, magnetic-core memory for binary digital
computer use,

The work described herein received its impetus from

the research of two men Jay W, Forrester, who proposed the

coincident-cerrent selection scheme, and William N, Papian,

who systematized the pulse-testing of magnetic cores and con-

strueted an experimental 4-cell memory,

Signea
Bernard Widrowitz

Approved
Jay W. ForrAster
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ABSTRACT
+

A.16 x 16 memory array of small molybdenum

permalloy cores has been assembled and tested over a

period of some months, Fairly reliable operation de-

spite a rather wide dispersion of core characteristics

is encouraging,

iv
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INTRODUCTION

A, PRINCIPIES OF OPERATION

The operation of a coincident-current, magnetic-core

memory depends fundamentally upon the "bi-stable" properties of

the cores and the mechanism of coincident-current selection, 2*

Ferromagnetic toroids having rectangular hysteresis

loops can be magnetized in either of two directions, arbitrarily
called "zero" and "one", A magnetized core is a permanent"

magnet whose rectangular hysteresis properties allow it to be

switched to its alternate state of flux retention only when it
is excited by a magnetomotive force greater than or equal to its
"goercive" force,

1, Coincident-Current Selection

If a core is excited by two windings, X and Y, the cur-

rents in each may be made small enough so that they individually

provide less excitation than the "coercive" force, They may be

made large enough, however, 80 that when applied coincidentally

in time, the sum of their magnitudes is greater than the coercive"

force and switching is possible,

Many similar cores containing two windings may be ar-

ranged in a two-dimensional matrix where groups of x windings are

connected in series and groups of Y windings are also connected in

series, A combination of a certain X line and a certain Y line

2, Superscripts refer to similarly numbered entries in the

bibliography,
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identifies a core of the matrix, Thus, a single selected

core in the two-dimensional systen may be switched when cur-

rents are applied coincidentally to corresponding X and Y

lines in such directions that the two components of magneto-

active force add algebraically to cause the desired operation,

This method is not restricted to two-dimensional memories, and

may be generalized for n-dimensions

2. Disturbances

In the two-dimensional system described above, cores

on X and Y lines common to the selected core are "disturbed"

by the half-amplitude excitations if these happen to be in di-
rections to cause switching, Disturbances reduce the amplitude

of residual flux in a core, This flux reaches a steady-state

value (usually 20% or 30% less than that of a freshly switched

core) after many disturbances, As long as the non-selected core

has a disturbing excitation which is not greater than its "coer-

clive" force, this condition appears, 'rather than a relaxation

toward the zero flux level.
The cores used in this memory were not bi-stable in

a strict sense, That they were able to retain most of their

residual flux in the face of disturbance is all that is to be

implied by the expression "bi-stable", It is believed that

ideal cores with perfectly rectangular hysteresis loops would

1.

actually be bi~stable,
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3. Current-Selection Ratio

The larger the magnitude of the excitation delivered

to the selected core, the faster that core switches; however,

the greater are the disturbances, and the narrower will be the

current margins for reliable use, It is desirable te switch the

selected core rapidly because switching time is the most signifi-
cant part of total time required to "read" or "write" at a given

address (core),
In designing a coincident-current memory, one always

wishes to impart the most excitation with the least disturbances,

The ratio of the excitation of the selected core to the greatest

disturbing magnitude is called the selection ratio,
The selection ratio is a function of the configuration

and connections of the driving lines of the memory, It has a

value of 2 for the two-dimensional system described above, If
the total (Z+Y) excitation of the selected core is called >

the disturbing excitations are 3, in magnitude, Another two-

dimensional system may be obtained by placing a Z winding on each

core in addition to the KX and Y, All of these Z windings must

be in series, The selected X and Y lines then draw 2/3 Zs while

=1/3 I is applied to the Z line, The selected core receives I,
and the disturbing excitations are either plus or minus 1/3 I,
depending on whether or not the disturbed core is on a selected X

or Y line, The selection ratio is therefore 3, the "best possible"

two-dimensional current=selection ratio, 1.
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4. Sensing (Read-out)

As we have seen, it is possible to set any core in

the two-dimensional system in either direction (4. e., to write

a "zero" or a "one"), To read out the information stored, we

have only to write a "zero" into the selected core, Ifa
"zero" is already stored, no switching occurs; if a "one" ig

stored, switching takes place, A sensing winding, threaded

through every core in the system, is able to pick up an induced

voltage if any core switches, so that it is possible to deter-

mine the state of the selected core prior to the reading opera-

tion,
Reading is destructive and clears the memory core,

If it is necessary to retain the information in a core for fur=

ther reading, provision must be made for re-writing after each

read-out,

B, WINDINGS AND CORES

At the outset, it was decided that the cores were to

have straight-line, single=-turn windings, driven by vacuum tubes,

The sensing winding was also to be single-turn,
The cores to be used were made of molybdenum permalloy,

1/4, mil thick tape, 1/8" wide, wound 5 wraps deep on a ceramic

bobbin so that the diameter of the path of the metal is 3/16".

These cores were fabricated by Magnetics, Inc, The saturation

hysteres's loop for a core of this type of material is shown in

Pigure 1,
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Li = CORE TESTING

Considerable variation in properties was found to

exist among the cores, Since these cores would be excited by

common driving lines in a coincident-current memory, and would

have their flux paths linking a single sensing or pickup wind-

ing, it was quite important to select those cores whose charac-

teristics clustered as closely as possible,
Standards of comparison were established to check

each core for switching speed and voltage generated in a single

turn, when switched under an excitation of The single-core

pulse tester (described in reference 4) was used exclusively in

the acceptance testing, The waveforms of the voltages induced

by the cores when driven by identical currents on the pulse

tester allow grading with respect to the above characteristics,

From the 500 cores available, 256 cores were to be selected, It
was desirable to maintain a history of each core, To facilitate

this, the cores were color coded,

After testing 50 of the cores, W, Papian selected two

cores, numbers 1 and 9, as standards whose properties would most

likely bound those of the final 256,
The single-core pulse tester was set to simulate memory

operation with a 2-tool selection ratio in current, Driving cur-

rents were optimized (when averaged over cores 1 and 9, best

ay
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combination of one-to=sero amplitude ratio, switching speed,

and ability to withstand non-selecting disturbances), The wave-

forms of cores 1 and 9 were grease-penciled on the scope face,
and the regions were labeled as shown in Pigure 2,

The following production testing procedure was in-
itiated: a jig was made that could accommodate a string of 10

cores in addition to the standards 1 and 9, This jig was plugged

into the single-core pulse tester (Figure 3), A small pickup loop

was threaded through a core and clipped onto the scope input, The

scope and pulse tester were checked with each group of 10 cores by

comparisons of the outputs of cores 1 and 9 against the grease=

pencil curves on the scope, A single quantity could describe a core

for acceptance consideration, As found by experiment, all cores

having the same amplitude of voltage output per turn at some time

after being excited (see vertical grease-pencil lines on Figure 2)

were fairly similar with respect to their other critical properties,
The results of the pulse test are given in Figure 4, The

distribution was not smooth because the widths of the grading regions

were not identical, Also the positions of the grading boundaries

were judged visually, The largest ratio of switching outputs of any

two accepted cores was about 1,6 to 1,
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III - DESIGN OF THE 16 x 16 ARRAY

After 256 cores were selected, the next step was

to design and build the memory array, An array is a mesh of

é6riving lines arranged so that it provides a supporting matrix

for the memory cores,

The array was designed to have 16 X addresses, 16 Y

addresses, and one Z address, The driving-current sources were

able to draw current only in a single direction; and, because it
was necessary to provide for core driving in both directions, two

gets of X, Y, and Z lines were planned, A sensing winding was to

be threaded through every core in the array in addition to the

above; thus, a total of seven lines were concurrent at each core,

A 4x 4 model of the wiring is show in Figure 5, The

X and Y coordinates were chosen arbitrarily, Current flowing from

left to right was called "read", or "write 0°, while current from

right to left was called "write 1",

There were two reasons for a diamomrather than a square :

matrix, First, the ratio of inside diameter to length of bore of a

core was such that it was impossible to pass two straight mutually

perpendicular lines through it, Second, the diamond shape allowed

+

short lead connections to the X drivers above and the Y drivers

below the array,
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The sensing winding was drawn through every other

gore (along any X or Y line) in the same direction, This was

quite different from the 2-dimension "write 1" line, which goes

through every core from left to right in the positive genge,

The sensing winding and only one Z-dimension winding are shown

for clarity and contrast, The sensing winding was designed so

that read-out pulses from non-selected cores (noise) would can-

cel, A discussion of this:effect in a 4-core memory may be found

in Engineering Note E=4067° A consequence of the weaving of the

sensing winding is that the sensing amplifier had to be made to

operate on positive-going and negative-going memory output pulses

without discrimination,

The array was built on a piece of phenolic board to fit

5

a standard 19" rack; a photograph is show in Figure 6,
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ZV - ADDRESS SELECTOR. DRIVERS. SENSING AMPLIFIER .

AND ASSOCIATED ELECTRONICS

Two types of electronic wnits were used in the opera-
tion of the 16 x 16 memory: special "breadboard" panels, and

standard M, I, T, and Burroughs pulse test equipment.

The pieces of standard test equipment may be thought of

as logical "black boxes" that trigger the "breadboard" units by

supplying pulses and gates in certain time sequences and are dis-
cussed in Chapter V, BLOCK DIAGRAMS,

The "breadboard" panels, which include the vacuum-tube

line drivers, the flip-flop address selectors and associated

crystal matrices, and the sensing amplifier, actually perform

the work of running the memory, Because these units are peculiar
to an electronically driven magnetic-core memory, they are of

interest and will be discussed,

A, ADDRESS SELECTION AND DISPLAY SCOPE.

The problem of address selection in a 16 x 16 memory

is that of current-pulsing one X line of 16 and one line of 16,

The problem was solved by energizing the driving tubes in tandun

and biasing off the non-selected ones,

In computer use, a binary address would be pulsed into

the memory before a Nread" or "write" order, The address would

be stored in the X and Y flip-flop address selectors at least
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until the subsequently ordered operations were completed, These

fliv-flops sunnlv the biasing information by operating the X and

Y crystal matrices, whose output lines are connected to the con=

trol grids of the line<driving tubes,

The address flip-flops used were the 6Y6 type (Fig. 7.
Each of the two banks of 4 (X and Y) was designed to work di-

rectly into a 16-position crystal matrix (Fig, 8) which was ac=

tually part of the plate loads of the flip-flops, A crystal matrix

input line presented 630 ohms to ground to the corresponding flip=

flop plate ciroult, The selected output bias line of each coor-

dinate was at ground potential; ali other matrix outputs were 30

volts below ground,

A simple systematic way of indexing addresses was used

in testing the memory, The X and Y address flip-flops were con=

nected to count, The X set counted one for every pulse of a clock,

while the X end carry was used to trigger the count input of the

Y flip-flop bank, Thus the cores in the array could be repeatedly

"scanned" in. manner of a conventional television system,

Decoders were attached to each flip-flop set, so that X and Y

analog voltages were available which were proportional to the

binary numbers stored in the X address flip-flops and Y address

flip-flops respectively, These voltages were applied to the

horizontal and vertical inputs of a display oscilloscope, Because

the address flip-flops remain in a steady-state during the "read

e

:



A-S2066

CRYSTAL MATRIX CRYSTAL MATRIX

+

#/30V

CARRY 70 NEXT 2 s 65N74002 4002aw awLCOUNTE STACE

1000.00! MMFD

J600N J.* 250
0 >

. MEG

4

T% 5%

4600RSd660 .2.ew
10,000

aw0.0)
MFO

FIG. 7 COMPLEMENT
CIRCUIT SCHEMATIC

ADDRESS SELECTION FLIP-FLOP

ISOV



B-52247

READeAS7 WRITE
A

WRITE | switcH
PANELPANEL

READ SWITCH

=>
!Tee

Eh

[ts
he

LL
thy

fad

ob
Batk

[oO

oH

°.

seer seer

oes? ser

see?

enson

7 7 see?

see?
0 aan'

see?

sea? ont
see? ses?

seer

FF FF FF FF X ADDRESS FF'S

Tcaray toarry tcount
NOTES:
1. CRYSTAL MATRIX IDENTICAL
2. ALL DIODES ARE IN34'S FIG. &

FUNCTIONAL SCHEMATIC
METALLIC ARRAY X CRYSTAL MATRIX

AND X DRIVER PANEL



Report R-216 Page 19 of 63

and "write 1" operations, time is available to itensify the dis-

play scope if a ONE is read out of a given core, Every address

in the array has a corresponding position on the display scope

ao it is possible to display the information content of the nen-

ory ag a set of blanks and bright spots as long as the array is
seanned rapidly enough to prevent flicker,

The drivers, or the current sources which energize the

array, may be divided into two symmetric groups 3 those used to

"write 0" or "read" and those used to #write 1", Each of these

groups contains a set of 16 X drivers, 16 drivers, and one.Z

driver, The circuit used (Fig, 9) was designed by Kenneth Olsen, :

Bach set of drivers, the "X-read" drivers for example,

consisted of a group of cathode followers (5687"«) all having a

common cathode resistor returned to -150 volts, The control grids

were connected to the X=crystal matrix ds mentioned above, Each

plate was connected to its proper X-read driving line on the array,

thence to +250 volts, The fact that all the cathodes were con-

nected together allowed the cathode bias developed by the conduct=

ing tube to help the crystal natrix cut off the non-selected driv-

ers, Normally, the cathodes! potential, held up by a 6487, al-

lowed no current to flow in any of the driving lines, including the

selected line, When it was desirable to apply a pulse of current,

the proper 6487 was cut off and the selected driver then drew cur-

B, DRIVERS

rent, The €AS7s associated electronics were mounted on separate



8-52204 JO WRITE ToSWITCH PANEL

#aSOV
VIA THE ARRAY

#eSOV
WA THE

*eSOV
VIA THE ARRAY

322

PSD.

BIN.

CRYSTAL MATRIX
Are
son 70.2

SbB7 700we
NWN

5687 10022 70022

=

18 ORIVER SETS

TO CRYSTAL MATRIX

102.
1002.

=<

2.

FIG. 9

>

3
XORY DRIVER PANEL FOR 16x16 METALLIC ARRAY

SWIFT PANELFEAD
OUTPUT 1082POOR

792 392
ILL
WA AREAL$92. 402 702.

7002

OUTPUT POOR

7032 7022FIN

IIL VA THE ARRAY

70012. 97002

1002 OFPUT
/0L2 7082

392.
VIA THE ARRAY

S687 7002

#7002



Report R=216 Page 21 of 63

panels called "switch panels" (Fig, 10), These panels, "X, Y,
Z read", and "X, Y, Z write 1" were responsible for switching
on the selected drivers at the proper times, They, in turn, were

controlled by the gate outputs of gate and delay units,
C, SENSING AMPLIFIER

The last "breadboard" panel to be considered is the

sensing amplifier, This device was designed to produce 50-volt,
positive-going gates from the positive and negative* input gates

with amplitudes ranging from 5 to 35 millivolts induced in the

sensing winding by the selected core, The output of this unit

was to be used to control the suppressor grid of a gate tube, The

input signals had rise and fall times that ranged from 4 micro=

second to 3 microseconds and lasted from 5 microseconds to 15

microseconds, The PRF could be random,

A schematic of the sensing amplifier is shown in Fig, 11,

It consists of 3 stages of a=-c-coupled linear amplification; a phase

inverter, and two cathode followers providing output across a common

cathods resistor,
The first 3 linear stages had a maximum gain well over

15,000, The remainder of the amplifier had a gain of about 0.8 The

cathode followers in the output stage were biased almost to cutoff,

and the grids were fed signals 180° apart from the preceding phase

+

* Refer to Chapter II for a description of the sensing winding,
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inverter, When either grid went positive, the corresponding tube

conducted as the other was cut off, Therefore, the output was always

a low-impedance, positive-going signal proportional to the absolute

value of the input,
The lower level of the output was clamped to a variable

bias supply, Sinee discrimination between ZEROS and ONES was to be

made on an amplitude basis in a gate tube, it was necessary to adjust

this bias so that the ZEROS were below the threshold when the ONES

were well above this threshold, The size of discrimination was deter=

mined by the incidence of the scanning pulse (0.1 microseconds) applied

to the control grid of the gate tube, This function will be discussed

further in Chapter V,

D, PHOTOGRAPHS OF BREADBOARDS

Fig. 12 shows the X=read and write 1 drivers and the array

of cores, Fig. 13 shows the reverse side of the array and the X drivers,

(Note coax cable leading from sensing winding to sensing amplifier, )

Fig, 14 shows the entire system,



A-52343

ii

a
De

4
:

:

:

:

Y ty 2,44 7

:

:

wre...

FIG. 12
iG xIG METALLIC CORE ARRAY AND THE "X" READ AND WRITE 1 DRIVERS



A-52349

VdwdByWO) 2

909989
:

4 +

A,
:

oa

'4
N
y

»
+e ee

w
ie

AY N
W

i)

FIG.13

REVERSESIDEOFI6x!6METALLICCOREARRAYANDTHE"X"DRIVERS

iM

PPSOSSSS

nfiee

OooBY 1



FIG. 14

16X16 METALLIC CORE MEMORY AND

ASSOCIATED TEST EQUIPMENT



Report R-216 Page 28 of 63

V - BLOCK DIAGRAMS

To simulate memory action, a logical system was set

up to: approach a core and ask if it contains a "Zero" or a

"one", If it contains a "zero", leave it alone, If it contains

a "one", re-write that "one" (1t was destroyed by the asking).
Go to the next core and repeat these operations, A block diagram

of this system, utilizing standard test equipment units, may be

seen in Fig, 15, The gate and delay units are adjusted to follow

the timing diagram of Fig, 15, The clock pulse initiates the "read"

gate by triggering gate and delay (G&D)#1 and clears a one-bit buf=

fer storage flip-flop #1, During that gate, G&D #3 pulses the con-

trol grid of Gate Tube (GT) #2, the sensing gate tube, The buffer

storage is either set or remains on "zero" after the sense pulse,

This depends on whether the sensing amplifier has a large signal

(ONE being read out of the selected core) or a small brief signal

(ZERO being read out of the selected core, the selection being deter-

mined by the address that the X and Y flip-flops happen to be set on

at the time), At the end of the read gate, G&D #1 pulses GT #1.

A pulse is emitted by GT #1 to trigger G&D #2 (initiate the write 1

gate) only if buffer storage was on the "one" position (i.e., only

if a ONE was read out of the selected core), Time is allowed for the

complete read, re-write cycle before G&D #4 sends out a count pulse
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(address trigger) to set the x and Y address flip-flops to

the next address, This is done before the next clock pulse, so

that the driver grid biasing potentials will be applied for the

next reading, re-writing operation,

A, THE BASIC BLOCK DIAGRAM

The basic test system of the magnetic memory showing

connections of drivers and address selectors may be seen in Fig, 16.

Included is a gate and delay unit between G&D #1 and G? #1, This

unit allows adjustment of the interval between the end of the read

gate and the beginning of the write 1 gate, The master clock is a

P5 synchroscope, Its pulse output mst be standardized before it
can be used to trigger the coder, This arrangement allows the array

to be scanned at a 4-kilocyole PRF and avoids synchronization prob-

lems, When it was desired to run the array at a higher speed, a

multivibrator pulse generator was used to trigger the coder,

The array was able to store random patterns of informa-

tion (as presented on the display scope) that were stationary in

time as scanning took place, The next section contains some special

circuits that were added to the system in order to facilitate pat-

tern writing and to allow more rigorous testing.

B, SPECIAL CIRCUITS

1, Light Gun

The light gun is a device for "shooting out" spots on

the display scope, It simplifies the "writing" of arbitrary pat-

terns by inserting "zeros" into a full array of "ones", Fig. 17

shows the light gun in operation,
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The gun, a slender photocell built into a cable, is
connected to a linear a-c amplifier which is able to actuate a

gas tube pulse generator (Fig, 18), If the gun is placed over a

bright spot on the display scope corresponding to a "one" stored

in a core, it is able to give out a pulse about 15 microseconds

after that spot is intensified, This pulse may clear buffer stor-
age (FF #1, Figure 19) and prevent writing a "one" in the given
core if the delay between the end of the read gate and beginning
of write-1 gate (G&D #5, Fig, 19) is made greater than 15 micro-

seconds, Once a "zero" is written in the core ("ond was not re-

written), the "zero" remains, That spot is no longer intensified,
Fig, 19 shows the block diagram of the light gun, the

display scope, and associated equipment,

2, Moving Patterns

It is more difficult for a memory to hold a moving pat-
tern than a fixed one, For the former, it is necessary that

each core be able to remember both "zeros" and "ones", Addresses

are scanned in the same manner, and the whole pattern is shifted

one dot to the left' for each raster scanned, This is done by

writing into a core what was read out of the previously operated-

upon core, Two buffer flip-flops are now necessary; one to hold

the latest information read out, the other to hold the next-to-

latest information (see Fig, 20).
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Flip-flop #1 is connected as before, and may be

switched in to provide stationary patterns by connecting its "1"

output to GT #1, FF #1 is cleared upon incidence of the clock

pulse, remains cleared until the time of the sensing pulse, then

is either in the "0" or "1" position (depending on whether the

core contained a "0" or a "1") until cleared by the next clock pulse,

During that time, the address FF's were set up on the next address,

FF #2 is coupled to FF #1 through Gf's #3 and #4, These gate tubes

are pulsed at the time when the address FF's are triggered to tke

next address, This is done for convenience, to save a delay unit,
and sets FF #2 to the number contained in FF #1, This number re-
mains in FF #2 all the while the X and Y flip-flops are on the next

address, Hence, if FF #2 is allowed to control GT #1, it becomes

possible to write into a core the atate of information of the core

before, The display scope is connected as before, so that it al-
ways shows what was just read out, In the moving pattern mode, the

pattern on the display scope "soves" because it is shifted one spot

to the left each raster,
3, Skip Circuit

In a 16 x 16 array where the cores experience TV scanning,

the meximm number of times that a given core may be disturbed be-

fore its information is refreshed is 2 (n-1) = 30, where n is the

number of cores along a linear dimension, In order to allow an in-

definite number of disturbances before a core is read, provision was

made to skip this core during the normal, scanning cycle, The array

+
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could then be left running for hours, and the skipped core would

be disturbed millions of times before its information was rewritten,
The circuit used is shown in Fig, 21, Clip leads con-

nected to the suppressor grids of GI #5 and GT # are attached to

outputs of the X and Y crystal natrices corresponding to the X and

Y lines of the core to be skipped, A pulse delayed 1 microsecond

relative to the regular address trigger will get through the gate

tubes and trigger the address flip-flops to the next address only
when the selected matrix outputs are those to which the clip leads

are tied, The timing diagram (Fig, 21) shows how the double trigger
is able to cause a skip and have the address flip-flops set up be-

fore the next read gate is begun,

4. Fliv-Flop and Delay-Line Generators

Gate and delay units were used as the read and

gate generators in the block diagrams shown thus far, They pro-

vided 40-volt gate inputs to the switch panels, allowed wide range

adjustment of gate widths, and made operation simple, Their chief

shortcoming, however, was their inability to maintain constancy of

gate width during line transients, This was not serious until the

array was run at high speed with a 3-toel selection ratio, Here,

current gate widths were reduced toa minimum, Any jitter in the

gate and delay units caused error, In order to allow high speed

operation, it became necessary to use more reliable gate generators,
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A systom was made of delay lines, flip-flops, buffer

gate amplifiers, and pulse standardizers, A functional schematic

of this system is shown in Fig, 22, When in use, it replaces the

fundamental circuit of Fig, 15,

A time base is established by the delay lines and delay
line panels, Each clock pulse yields a read gate, a sensing pulse,
and an address trigger which is delayed long enough to allow for a

write 1 if called for, GT? #7 controls the initiation of the write 1

gate, The gate tube in turn is controlled by bugger storage FF #1

or FF #2 giving stationary or moving patterns,

3. Complete Block Diagran

@ Fig, 23 isa complete functional schematic of the metal-

lic array as of July 1952, This diagram includes all of the in-
formation given in previously cited block diagrams,
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VI - OPERATING CHARACTERISTICS

The earliest testing was done by connecting one X and

one Y driver to the array by clip leads, This allowed manual ad-
dress selection, and was done before the flip-flop address select-
ors were set up.

When the. X-address-selecting flip-flops and crystal ma~

trix were de-bugged, a "16 x 1" array was run, Later, the X~address-
selectors were able to be used, and full 16 x 16 operation took place,

The magnitude of driving currents used for the 1 x 1 opera-
tion was too large for coincident-current selection, 16 x 1 operation
was possible only when these were reduced to the extent that non-

selecting current disturbances were tolerable, When 16 x 16 operation
was desired, it was necessary to increase the negative bias and the

swing of the sensing panel output, Deviations in the outputs of the

256 cores were greater than was the case with only 16 cores being

sensed, and this required a more careful adjustment of the sensing panel,
The preceding work was done with the block diagram of Fig. 16,

using a 2-to-1 selection ratio, From there on, more logical equipment

was added until the system represented in Fig, 23 was built up and

operated, The next section contains some quantitative and qualitative

operating characteristics that were derived during the first six months!

run,
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A, DRIVING-CURRENT WAVEFORMS

At is possible to look at waveforms of driving cur-
rents in the X and Y memory lines by observing the voltages

developed across the 33) damping resistors in series with each

line, The current drivers are nearly ideal current sources

(Figs. 9 and 10), so that the back voltages of the memory lines

(approximately #volt peak on X and Y, 10 volts peak on Z) have

negligible effects upon the current waveforns,

B, OUTPUT WAVEFORMS OF SENSING AMPLIFIER

Figure 24-1 is a composite of 256 traces showing. the

output of the sensing panel when the array is holding the pattern

of Fig, 24-2 and is being cycled at a PRF of 4 kilocycles, . The

selection ratio is with I = 280 willismpersa Fig, 24-3is
the voltage at the input in the phase inverter of the sensing ampli-

fier. This shows the positive and negative going signals induced

in the sensing winding after going through linear amplification,

Notice the variance in the amplitude of the ONES and ZEROS, Fig, 24-1.

should be compared with Fig, 2493, keeping in mind the sensing ampli-

fier schematic, Fig, 11, Fig, 25 shows the output of a single type-B

core containing a "zero" and a "one" (composite). The "notch on the

ONE output shows the incidence in time of the sensing pulse applied

to the gate tube (GT #2) of Fig, 16 or Fig, 23. It is caused by

suppressor current loading down the output of the sensing panel,
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1, Variations in Sensed Outputs

The ONE outputs of the cores in the array were not

identical in magnitude; neither were the ZERO outputs, The most

significant reasons for these differences are:

a, Variations in magnetic properties of the individual
cores are inherent in manufacture and are limited only by selection

based on single core pulse test characteristics, Fig, 26-1 shows

the ONE sensed output, while Fig, 26-2 shows the ZERO sensed output

of typical types B, Be, and BC, since the rest of the array holds

"ones", .
b, Changes in I, cause variation, because the output

voltage varies almost linearly with yin the normal ranges of opera-

tion, This is not troublesome if driving current magnitudes are

constant, These variations, which are applied to all the sensed cores,
affect current margins, A sequence of photographs showing these

variations for a 2-to-1 current-selection ratio for various values of

I, is shown in Fig, 27-1, Fig, 27-2 shows a similar set for 3-to-l
current selection,

Variations are sometimes caused by geometric irregulari-
ties of the array, The array was designed to minimize the mtual in-

ductance between the sensing winding and all of the driving windings,

If those windings were perfectly symmetric, the mutual inductance

would be zero, Actually, this was not possible, so that voltages

induced by the cores are superposed with those due to mutual coupling
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across the sensing winding, Another factor is capacitive coup=

ling between the driving lines and the sensing Winding, which

cannot be completely eliminated no matter how the windings are

placed, With a current driver rise time of 0,2 microseconds, the

voltage induced in the sensing winding by the Z-read winding is
about half the size and shape of a typical ZERO when the Z current

is 150 milliamperes, Under similar conditions, the Z-write 1 current

would induce almost twice as mich nolse, Noise due to X and Y read

and write 1 currents was found to be about 10% of the size of that

due to the Z-write 1 current,

d, Variations may be due to the particular "zero" and

"one" constellations stored in the memory, Not always does a given

core (having fixed magnetic properties and geometrical position)

produce the same size ZERO and ONE, The number and sequence of dis-

turbances per raster depend upon the information pattern, The shape

of a core's readout signals depends upon its history of disturbances

from the time when the information was freshly written, More sig-

nificant noise contributors are the non-selected readout=-pulses of

cores which may contain "zeros" (S,) or "ones" (NS,). These cores

have their X or Y line common with the selected core and are

disturbed during reading or writing 1, The sensing winding is wound

to cause all of these pulses to cancel, except for 2, This would be

so if all cores yielded the same size non-selected pulses, They do

not, however, and in addition, a given core will produce a larger

@ non=selected pulse if it contains a "one" than if it contains a "zero",
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The non=selected pulses have about the same shape and size as

ZEROS, (This is fortunate, because they decay away to 10% of peak

before the sensing time occurs, Stored patterns were designed to

emphasize the effects of differences in non=selected outputs upon

sensed waveforns, and it was found that these differences seriously

impair ONE-ZERO discrimination in a 256-bit memory with 3-to-l sen

lection (Z used for driving), and make operation almost marginal

with 2-to-1 selection, The effect clearly places a limitation on

the number of cores that may be sensed with the type of sensing

winding used, Even when the induced noise is over before the sens-

ing time, the transient has an effect upon an a-o-coupled sensing

anplifier which may be troublesome in large arrays,

Fig, 29 shows ZEROS and ONES of a type=B core, the selected

core where the three display scope patterns of Fig, 28 were stored to

give either no noise or the maximum possible values of noise of both

senses, The difference between the largest ONE and the ONE without

noise (shown in Fig, 29-1) is approximately the same as that between

the ONE without noise and the smallest ONE, This difference is

equal to 14 times the difference between the non-selected output of a

core containing a "one" (NS; ) and a "zero" (NS,). Fig, 29-2 exhibits

the same differences with the selected core containing a "zero"

instead of a "one" as in Fig, 29-1, Fig. 30-1 shows the ONE output

of the sensing amplifier while the patterns of Fig, 28 were stored

with a 2-microsecond rise time instead of a d-microsecond rise time,

t
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Fig, 30-2 is a composite of the ONES and ZEROS at
the output of the sensing amplifier three patterns of
Fig. 29, Increasing the rise time seens to have little effect

upon the noise produced by the non-selected cores,

2. Standard Output

Since the shape of the output pulse of the sensing

amplifier affects operating margins, it was necessary to establish
standards 30 that the experimental data would be reproducible,
It was decided that the gain of the sending amplifier be set to

give an output of 30 volts above bias for the smallest ONE (found

by reading all "ones" into array) at the time of sensing, The

output bias was set at -30 volts, and the 1/10-microsecond pulse

applied to the control grid of GT2 of Fig, 23 was 30 volts high,

3, Optimum Sensing Time

A time always occurs when the ratio of the amplitude

of the smallest ONE output of the sensing amplifier to the larg-
est ZERO is maximm, This time is different for each of the 2256

possible patterns of stored information, Fortunately, it turns

out that there exists a region of time about this point over

which the ZERO=to=ONE ratio is almost constant, This region is
usually one microsecond wide for a 20% deviation from naximun, For

a given selection ratio (2-to-1 or 3-to-1), and for given current

levels, it was possible to find by inspection of sensing panel

waveforms some optimun sensing point that would be within this re-

a

gion for all the patterns stored, A plot of this optimun point in

time for 2-to-1 current selection ratio is shown in Fig, 31,
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C, SPEED OF OPERATION

The read-rewrite tine, the smallest allowable tine
interval between the asking for a bit of information and the

asking for a subsequent bit of information, is determined mainly

by the time necessary to switch a core and, to a small extent,
by the delays inherent in address flip-flop and crystal matrix

set. uptime and by delays in the current drivers (including rise

times), Readout time, or the time after the asking when the

desired information is available, is the optimum sensing time, a

function of the mode of operation, and the transient response of

the sensing amplifier,
Switching time of a core may be measured by observing

the sensed waveforns, The core may be considered switched when

its output voltage is zero, In order to switeha core completely,

the driving current gate must be equal to or greater in length

than the time required for switching voltage to go to zero, If
the current gate is shortened from this critical time, the sensed

waveform changes; if lengthened, no change is experienced, The

sensing panel, an a=c-coupled amplifier, does not permit a simple

way of measuring switching time because of overshoot, but it
does allow detection of change, The actual point of zero output

of the sensing panel may not correspond to the end of switching.

Switching times were measured by observing the durations of the

read and write 1 current gates while monitoring the sensing

amplifier waveforms,

+
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Waen a core in the memory is to be set in either

state, the information should always be read in by full~length
write-O or write-1 gates, The memory may be greatly speeded up,

however, by squeezing in the current gate durations during a read=

rewrite cycle,
The reading, or writing-0 operation, needs only to be

earried on until the time of incidence of the sensing pulse, If
the core was in the "zero" state, the reading, whether done by a

long or short current, will still indicate the "zero" state, If the

core was in the "one" state, it will soon be reset to that state, and

the time required for this is less than if long gates were used in

the reading operation, The procedure for adjusting the memory for the

highest speed at given values of driving currents is the following:
Set the sense pulse

pulse

at the optimum sensing time, Reduce the read cur-

rent gate width until the sensing amplifier output waveforms begin to

be distorted at the optimum sensing time by the noise induced in the

sensing winding when the read currents are shut off, The shortest

allowable read current gate is usually 1 microsecond longer than the

optimum sensing time, Now shorten the write-1 current gate until the

amplitudes of the ONES at the sampling point are reduced to 90% of

their peak values, Fig, 32 shows the minimum allowable read and

times as functions of for a 2-to-1 current=selection

ratio, That the array was able to cycle random moving patterns is
what is implied by "allowable", These times or current gate widths

were measured as the intervals between those points at which the driv-

ing currents have risen and fallen to half their steady state values,
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In order to estimate the minimum time required for a

read-rewrite cycle with a given selection ratio, rise time of

drivers, and Zs the following calculations should be made s

min, read-rewrite time min, read time + min, write 1

time + driver rise time + address flip-flop setup time,

There will be no delay between read and write 1. Since

address setup requires + microsecond, and if the driver rise and

fall times are 4 microsecond,

min, read-rewrite time = min, read time + min, write 1 time

+ 1 microsecond,

Using shortened gates, the array was run at a PRF of 50

kilocycles with a 2=to-l current-selection ratio,
D, MARGINS AND. RELIABILITY

1, Current Margins

It is important to have the driving currents.regulated

in order to have reliable operation, If the driving currents are

made larger or smaller than when originally adjusted, the optimum

sensing time of the first situation may not be the same as that

after subsequent changes, If the driving currents are made too

large, the information in the non-selected cores may be destroyed

by disturbances, Also, noise due to non-selected cores may be .

great enough to cause ZEROS to be mistaken for ONES, On the other

hand, if the driving current magnitudes are made too small, the

driving current gates may not bé wide enough to allow complete

switching of cores, and this may entail loss of information, Also,

gome of the ONES may be too small to actuate the sensing gate tube,

(ar #, Fig. 23).
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Some quantitative data were recorded concerning the

amount that these currents may deviate about a set value when

the memory's adjustments were optimized for that value, This

was done with a driver rise time of + microsecond for various

yalues of with 25-microsecond read and write 1 current gates,
2-to-l selection, and the sensing pulse occuring at the optimum

sensing time for the given value of i These data, taken by

cycling random moving patterns at a PRF of 4 kilocycles, are shown

in Fig, 33.

2. Reliability
The system has worked successfully for six months, logging

several hundred hours of memory operation with a 2-to-1 current se-

lection ratio, During this time, errors were found to have occurred

only when the power supplies were hit by heavy transients or when

the system was out of adjustment, In no case was it clear that the

array of cores was responsible for an error, Moveover, no deteriora-

tion of the magnetic properties has, as yet, been detected,

Use of the delay~line flip-flop gate generators (system

B of Fig, 24) improves stability when the memory is run at high speed

with 3=to-1 selection, Sensitivity to line transients is greatly re-

duced, in that operation of the array with an 8=microsecond read=

rewrite time is possible whereas with gate and delay gate generators

(system A of Fig, 23), this would not be so, It was found, however,

that certain types of patterns, those resembling checkerboards, could

not be reliably stored with 3-to-1 current selection using the system.
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of Fig, 23, The difficulty has been traced to non-selected noise

produced by all cores linked by the "Z" axis winding except the se-

lected core as discussed above, This noise may force a limitation

upon the use of the "Z" winding during a reading operation,

E, CONCLUSIONS

Evidence for the soundness of the concept and suggestions
made in R-187 with respect to three-dimensional magnetic-core arrays
has been gathered during months of testing on the 16 x 16 metallic

memory, The results are encouraging for so early a stage of develop=-

ment of a new idea,
Two specific major problems which afflict the present array

are the large variation in characteristics from core to core, and the

uneancelled non=selecting output noise, Core variations can only

be reduced by a high degree of quality control in manufacture and a

rigorous preselection program, Uncancelled NS noise may be mitigated

by improved core characteristics, by the use of multiple sensing

windings and circuits, and by non=simultaneous application of the

coordinate driving currents,
These problems will be studied on this array and others,

Memory reliability is the first and main goal, and it is hoped that

the information "put on the record" by this report will be of some

small help,
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