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ABSTRACT AMD FCREWCED 

For many computational appl icat ions there i s a need for a high­

speed d i g i t a l computer with a large internal memory capacity. The search 

for a r e l i a b l e random-access memory with a f a s t information-access time 

brought about the development of the magnetic-core memory system. Sys­

tems of t h i s type using a 2-coordinate "read" and 3-coordinate "write" 

have been operating very successful ly for some time. 

This t h e s i s report reviews and extends the theory of magnetic-

core memories for the generalized n-coordinate s e l ec t i on system. The 

c r i t e r i a for obtaining the maximum s e l e c t i o n r a t i o under a var ie ty of 

conditions and arrangements are derived, and the resultant e f f e c t s on 

the noise and sensing problem are discussed. 

A part icular system which uses a U-coordinate read and ̂ -co­

ordinate wri te in an attempt t o reduce the number of required e l ec tron ic 

c i r c u i t s i s analysed. Experimental work with the breadboard of such a 

system (using a 3-to-2 se lect ion-current r a t i o ) was performed* The 

results, here indicated, show that a l|C96-bit digit plane (8 driving 

l ines in each of the h coordinates) i s 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 

a 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 significantly. 
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Because i t presents information of general interest, this 

thesis report, which has had only very limited distribution, i s being 

issued as a Dirision 6 R-Serles Report. 
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PART I 

THE THEORY OF CORE MEMORY SYSTEMS 

CHAPTER 1 

SELECTICW 

1 . 0 1 The Bas ic Problems 

To i l lustrate 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, a l l 

that i s derived for this case w i l l apply directly or with slight modifi­

cations to the actual case. 

The memory element to be considered i s a ferromagnetic toroid 

which has nearly rectangular hysteresis loops. For binary storage $» two 

remanent flux states of the core are used to represent the two digi ts , 

ZERO and ONE, as defined for the hysteresis loop of Fig. 1.01a. 

In using an array of these elements as a storage medium, i t i-

i s necessary that the system be able to perform two functions. The f i r s t 

i s determining the information state of one or more cores, and the second 

i s 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 f i r s t type wil l be referred to as "reading" 

and that of the second type as "writing.9 

From a study of Fig. 1.01a, a suitable read operation may be 

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

Only binary storage wil l be considered in this thesis* 

- 1 -
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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 ONE state, 

it will "switch11 to the ZERO state, resulting in a net change in flux, 

whereas if it is originally in the ZERO state, it will reassume its 

original state after the read operation with no change in flux. The 

flux state of all unselected cores will remain unchanged* If a "sense" 

winding is passed through a selected core, the reading of a ONE will in­

duce 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.*4 Consequently, if a 

core is to be left in the ONE state, the read must be followed by a write 

consisting of exciting the core with a pulse of current of maximum ampli­

tude -I . Again the excitations of all 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 It A coordinate of a selection system is a group of driving 

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

*feee Section 2.03. 

**tonly 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 tl 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 illustrate the definitions given above, first consider 

Fig. 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 (Fig. 1.02b), it is Impossible to select only a single 

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

any line of one coordinate intersects those of another more than 

once. Thereforejthe three coordinates of this system are nonredundant. 

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, i.e., 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 Pjnln a8 * Function of the Number of Coordinates^ 

Consider an n-ooordinate system which is capable of selecting 

a single core from an array of cores. Each core is at the Intersection 

of n driving lines, one In each coordinate, and a core la selected by 

exciting one line in each coordinate such that the sum of the excitations 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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is one unit. (See the hysteresis loop of Fig. 1.03«.) 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 minimum required value of p (pmjjj) 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 manners 

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 unselecting, of any one coordinate, the excitation of all 

the cores will be changed by this amount. Let sj be defined as the value 

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

U4 be defined as the value of the excitations of the unselecting linos 

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

driving lines in the jth coordinate, the excitation on all the cores will 

change by -s-j. If this process is repeated for all n coordinates, i.e., 

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

tation on all the cores will diminish by one unit since as previously 

stated the sum of the selecting excitations is unity» j> s = 1. 

Passing through any unselected core there can be a minimum of 

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

to be carried out, the maximum excitation on an unselected core would be 
n 

-U and the minimum excitation would be -»J~ U., where 

u j " " ( ur"j ) m WJ ~ 1»2»***»n (1 ) 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



¥ 

- 1 J 

1 / 
1 / 
1 / 1 / 
1 / 
1 I 

1 / 

! 
If 
if 
i/ 

-f> 

ONE 

4> 

ZERO 

* J 1 
1 I 

• 

IO 
I 

< 

FIG. l.03o 

HYSTERESIS LOOP OF A N IDEAL MEMORY CORE 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



Report 6P.-235 - 9 -

Thcrcfore, for the or iginal system, the maximum excitat ion on an unse-
n 

lected core i s 1-U. and the minimum excitat ion i s l-^> U.. From a 

consideration of the hysteresis loop (Fig. 1.03a), the r e s t r i c t i ons on 

the system are 

1-U ^ -o (2) 
J 

and 

£, 
or subtracting one from both sides of inequality 1.03-1?) and summing 

from J=l to j=n, 

- > U j 3 = - n (1-p) U) 

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

n 

- V u^- (1+P) (5) 

Combining inequal i t ies 1.03-(b) and 1.03-(5) 

- n U - p ) ^ - (1+p) (6) 

P*nTT (7) 

and therefore, 

•W - Si W 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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Vlhen the selection ratio (R) i s defined as the excitation 

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

any unselected cores, 

R = — =£i (9) 
max Pjnin R 

1.0U Necessary Condition for R 

_ max 

Continuing the discussion of the previous section, the next 

step is to obtain the necessary condition for R . This is easily ob­

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

equation 1.03-(8). 

-£•> 
and 

-(1+p) =sr - 2 _ uj ̂ -n(l-p) CD 

J"1 

n—1 /-» 
pmin " nTI <2> 

therefore 

n n 

~2n ̂  X n ̂  _2n 

But from inequality 1.03-(2) 

»«~tt*)«A (5) 
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and therefore 

DJ • 5 1 «« 

Tb deteralne what restriction this imposes on the original n-coordinate 

selection system, equation 1.03-(1) i s recalled and the f inal result i s 

that 

V ^ - n T T ' J " M i — • (7) 

i s a necessary condition for a maximum selection ratio, and this con­

straint with the original constraint that 
n 

define the system. In a practical system the further restrict ion that 

N • hi* A (" 
i s required to allov for variations in the times that the drivers take 

to reach maximum amplitude. 

Fig. l.OUa shows two systems with a maximum selection rat io . 

Since in both cases n=2, 

R = i*4 =T (10) 
max n-1 I v ' 
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V j = nil " f M 

By comparing the tables it should be noted that the distributions of ex­

citations are identical* For any two nonredundant systems of the same n, 

this is always the case when the conditions for a maximum selection ratio 

are adhered to* This is implied In equation l.OU-(U), and is more readily 

seen in equation 1.0U-(6). 

1*05 The Choice of u^ and s. 

In the previous section it was shown that the only restrictions 

on s and u are: 

-U«p) s* V V - * =̂  -nd-p) (D 

i 

and 

11 I • = 1 (2) 

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

excitations zero in as many coordinates as possible since this system 

will require the smallest 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 be made equal 

Let N be the number of coordinates In which the excitations of 

the unselecting lines are zero, and let N8 be the number of coordinates 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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in which the exci tat ion of the selecting l i n e i s zero* Then, 

Na * N8 - n (3) 

A study of Section 1*03 shows that for the best possible selection ratio 

Ul * U2 " *** * Un ~ • (lt) 

since 

«sijr (5) 

* 

Therefore, 

s -u « U j i ml0*$ •*•» (6) 
J j 

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

u = -U (7) 

s = U (8) 

with the least allowable value of p being correspondingly 

p • Um • 1-s (9) 

Substituting the prerlous expressions into inequality 1.05-(l) and equa­

tion 1.0$-(2), the conditions become 

-(l*l-s) * n 0 * - n ( l - K - a ) (10) 

-(2-8)*nU*-ns (ll) 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



"Report 6B-235 " ^ 

_ ( 2 - s ) * - n s ^ - n s (12) 

- (2-s) • ns=*o (13) 

-2 + (n*-l) s * o (U*) 

Ng s = 1 or s = J (15) 

s 

Substituting for s in 1.05-(lU) 

-2 + (nKL)-J -=o (16) 

s 

I V-T 1 (17) 

and since 

s 2^ 

N = n-N s u 

u 2 

(18) 

(19) 

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

selection ratio can be expressed as 

R * ifa (20) 
8 

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

the smallest integral value N can take on is 
s 

N,= ̂  (21) 
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and correspondingly, 

Nu = ?£ (22) 

The best possible select ion ra t io i s then 

R(n) = £ £ = R_ („«-l) (23) 
n max 

However, i f n i s an odd integer, 

and 

\ = ¥ 

n-l max 

(2U) 

(25) 

giving a best possible selection r a t i o of 

R(n) =2$ = R (n) (26) 

Considering the case when n i s an even integer , the value of 

U. can be obtained from subst i tu t ing equation 1.0!>-(23) into equation 

i . 05 - (5 ) . 

U 1 = l - n T ? " A (**> 

For the case of n equal to an odd integer U. i s as given in equation 

1.0li-(6) 
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Therefore, 

!

' 2 for even n 

2 for odd n (29) 

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, all 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 utilises at least one more coordinate than the read, i.e., the read 

selects all the cores of the register whereas the write must 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 (nfl)-coordinate write. 
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1»07 An Economical Means of Doubling Memory Capacity for Even n * 

Consider the special case discussed in Section 1*05 where either 

the selecting excitation or unselectlng excitations in each coordinate 

are sero* For this case it will be shown that whenever n is even it is 

possible to double the selection capacity without doubling the number of 

drivers in a coordinate, but first the case for n=2 will be illustrated* 

Referring to Fig* 1.07a, 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 with I, = •* and 

the selected line in the other coordinate with I? • •» Tabulated below 

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

to 1 selection rstio which would otherwise be obtained (equation 1.03-(9)) 

has not been affected* 

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

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

sane effect could be obtained by just doubling the nunber 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*0$, but now for any n. 

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

D* A. Buck* 
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The maximum excitation is received by the selected core, and the value of 

this excitation is unity for both odd and even n. However, the minimum 

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

the same for odd and even n. The minimum excitation is 

NJJ |" -2 "j £ n-2 . -2_ > _ 0̂ 2 for even n (l) 
|_n+2"J "7" n+2 "* n*2 

and 

Nu r -21 § n-1 . :2__ r _ n-1 for odd n (2) 
[n+ l j ~T~ n+1 " n+1 

Also* the best possible selection ratios are 

and 

•or \ ¥-n+2 for even n (3) 

•oi ~\ * n ± l for odd n (U) 

Nov. consider reversing the polarity of just one of the se lec t ­

ing lines* Then the maximum excitation any core receives i s now also a 

function of n and i s 

fsl.-i] r 2 1 - n . 2 = L" J [m*J 2 nT2 
- n for even n (5) 

n*2 

and 

for odd n (6) rn_-x] r 2J * n-l . 2 . n - 1 
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and the minimum excitation i s now 

^ l[ l ]-Hlj- 2 _ -n for even (7) 
nT5 n+? n 

and 

u [ iPIj* nTXJ [T^JLnTTj n+I 
= -1 for odd n (8) 

The best possible selection ratio for even n i s s t i l l 

R(n) = ?g (9) 

However, a system of odd n i s no longer possible because of the possibi l i ty 

of the -1 excitation destroying the information stored in the array. 

Therefore, only when n i s even i s i t possible to reverse the polarity of 

one selecting l ine without affecting the information state of the array* 

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

core such that the total excitation i s either the sua or difference of 

the two separate excitations makes i t possible, when n i s even, to double 

the selection capacity without doubling the number of drivers in a coor­

dinate* 

The read selection i s done by an even coordinate system and no 

additional drivers are necessary to read the Information in the additional 

registers* However, since the write i s 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 to ta l memory capa­

c i ty can be doubled by doubling the number of drivers in just a write 

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* Qene rally, the initial selec­

tion in each coordinate is done by f bi-stable elements, where f is an 

integer related to d , the number of driving lines in the Jth coordinate. 
•J 

by the equation 

2** « dj ; j = 1,2, ••• n ( l ) 

Therefore, the external selection problem i s that of going from an t. 

coordinate system of two driving l ines per coordinate to a one coordinate 

system of d driving l ines . Except for the tr iv ia l case when dt i s equal 

to two, an Intermediate system i s necessary for performing this conversion* 

Usually i t consists of a diode matrix switch ***5, and i t s associated 

buffer amplifiers selecting gated drivers which excite either the memory 

coordinate l ine(a) or the coordinate l ine(s) of a magnetic core matrix 

awitch6* ?»°»9 which excites a memory coordinate line*. 

A* Diode Matrix Switch 

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

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

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

Fig* 1.08b shows a matrix where the opposite i s true. By properly bias­

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

one or a l l but one of the drivers can be made to conduct when they are 

gated on* 

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

to be excited simultaneously* Also, the diode matrix i s unnecessary when 

the number of awitch coordinates equals f j . 
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If the drivers are gated, this is another degree of selection 

in addition to that obtained from the diode matrix, end, 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. 

B. Core Switch 

Fig* 1.08 c is a schematic of a magnetic core switch* The switch 

consists of an array of cores similar to the memory array, but unlike the 

memory, every core is in the same state at the beginning of 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 tho memory 

array* The only requirements are that the sum of the selecting excita­

tions is equal to the switching current and that the unselecting excita­

tions are of sufficient magnitude to bias all other cores so that they 

cannot 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 

2.01 The Sensing Probleas 

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 vas 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. 1.01a is assumed, 

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

and by the wire sise 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 

10 
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 obtainable loop can be used in a qualitative 

discussion of sensing problems that arise in actual operation. 

As can be jeen in Pig. 2.01a, the hysteresis loop is not 

perfectly flat out to the knee, and therefore, 3r 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 cores were a constant, the magnitude of a ONE output 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 maximum 

possible sum of disturb outputs never exceeds in magnitude a fully 

selected ONE output plus the •< nt — sum of disturb outputs. 

2.02 The ORE and ZERO States 

To determine qualitatively the different possible information 

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

magnetisation process as consisting of both reversible and irreversible 

11,12 
processes} ' that is, either a very small fraction or a very large 

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

the path traversed in the 0-NI plane, the path closes for a reversible 

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

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 0-NI plane will be along the 

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

an 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 

**See Section 2.03 
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FIG. 2.02 d 

CORE STATE AS A. FUNCTION OF HISTORY 

FIG. 2 .0Zb 

CORE STATE AS A FUNCTION OF HISTORY 
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if the core is excited with I once more, it will move along X to 
B 

approximately point B, and upon removal of the excitation it will follow 

approximately path X back to state C. In this case the process was 

essentially reversible. 

Figure 2.02b shows the path traversed in the 0-NI plane when 

the core was placed in state C, starting originally in state 0 and exciting 

with I„ and then removing the excitation. If the core is now excited 

with I- 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 1, « 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 realised 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 summarized symbolically as follows} 

[ i n V™5 . m i n ^ " ] - L . l ™ > • max £ f j ^ 

or (1) 

'? . - min V"VJ * € 

See Section li.02 
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where 

- the voltage output from a fully selected core in a 

ONE state 

V T ^ - the Toltage output from a fully selected core in a 

ZERO state 

\~V. - the sum of the outputs froa 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 usedj however, it should 

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

particular instant in time. 

From the inequality above, it is easily seen that to maximise 

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

first bracket and to minimise 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. 

A. Direct Amplitude Discrimination 

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 

cycle* With some ferrite cores, these times are of the order of 1 and i 

5 microseconds, 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. 

B. Post-Write Disturb 

Several means have been used in trying to reduce the effect 

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

12 13 

"post-write disturb^* * The assumption i s that a t the sensing 

time the outputs from p a r t i a l l y excited cores w i l l be more nearly equal 

i f the cores are previously disturbed so as to make the outputs r e v e r s i b l e . 

(When t h i s method was f i r s t presented, i t was not thought of in these 

terms, but th i s i s what i s ac tua l ly being done.) In the general 

n-coordinate system a s e r i e s of pre-read disturbs must be used to get 

the cores into these revers ib le s tates* 

C. Staggered Read 

A more effective way of reducing 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 

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

*3ee Section 2.03D 
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induced in the sense winding decay to zero, the remaining coordinate is 

excited. If there are d. driving lines in this remaining coordinate, 

when it is selected only -,— of the total number of cores will induce 
J 

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. Qenerally, 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 zero, the values of the non-zero 

2 2 

excitations will be • — j if n is odd and _• — » if n is even* Also, the 

corresponding values of N and N are N • ^t- and N - £Z= for odd n, 

and M - -9- am • - -Z- xor even n. Therefore, when all but the last 

coordinate are excited, the minimum excitation any core receives is 

and 

(-nfi> < • > • - m t0 **n w 

( £z> < T > • • S i for mmn w 
and the value of the maximum excitation any core receives i s 

( 2 . ) (I£l) - 5 lJ for odd n (|») 
v n*l' x Z ' n+1 v ' 
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and 

(»)({) "A 'ore™n >̂ 
Recalling that the cores must be capable of withstanding excitations 

of • -^y for odd n and • —-- for even n, it is seen that the above 

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

D. 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 maximum 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 

•elective, being done by exciting the different coordinates in various 

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

E. Sensing Schemes Using Difference Amplifiers 

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 

and a single ZERO state, » n 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. 

2.0U The Number of (1-kU) - gxclted Cores 

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 - 1,2,•••n and the value of the unselecting 

-2 -2 
excitation is generally either -^- or — • depending on whether n is 

either odd or even. 

Consider the system with coordinates Xj_, *£••« i n and let 

4-.* dU» ***d equal the number of drivers in the respective coordinates. 

0 *See Section 1.03-
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The total number of cores in the array will bt f J., and any 
.1-1 J 

line in 

the mth coordinate will excite 
m 

of the total number of cores. There­

fore, when the mth coordinate is unselected m~ -1-1- d. cores will 

receive-U units of unselectlng excitation. By using this fact a general 

formula can be deduced. Consider first unselectlng only coordinate X,j 

then 

1~ T-T d. cores will receive 1 - U units 
d. M J 

^ 

•y- T-r d. cores will receive 1 unit 

If X, and X~ are unselected, then 

d,-l n , . -
— - . — r j *~ cores will receive 1 • 2 1) units 

1 n d«-l 

1 J-lJ^2 

cores will receive 1 - U units 

1 T-T- d. -»— cores will receive 1 - U units 
~dT~ IT J °2 T. J-l 

1 n . 1 

5" # * 
Summing the terms, the results become 

cores will receive 1 unit 

x • z~J VT d. cores will receive 1 - 2 0 units 

(d1-l)-(d2-l> n . cQre8 w i n receiye 1 _ „ units 

1 " 

^V1 cores will receive 1 unit 
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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-l)U units of 

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

factor, by adding the partial derivatives. Also Tr d. will be cancelled 
J-l J 

by the factors in the denominator when all n coordinates are selected. 

Let C. - the number of cores receiving 1-kU units of excitation. 

Then C 
n fe<V» (1) 

n 
^ Tn=C)iZ_ ° J £ l k - 1,2, . . . (n-1) 

c 
o 

(3) 

Since the maximum 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 

case. 

Let d- • d_ • •••-

Then 
n 

c - (d-i)n U) 
n 

Cn-1 " ̂  n ( d - 1 ) n " 1 <*) 

C o - 1 n(n-l) (d-l)n_2 (6) 
n-2 yr 

C. - 1 n(n-l)-.«(k*l) (d-l)k 

^ TH=k7l 
(7) 

or ,k 

°k 
m n(n-l)."(n-k^l)(d-l)'i k - 1,2...n ' (8) 

k I 

C - 1 (9) 
o 
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2.05 ONE . - ZERO 
min max 

The next step in this analysis is to determine the difference 

between ONE . and ZERO where 
min max 

0 N Emin" , , , i n V? N E + -inZVd (1) 

and 

ZERO^ - max V ^ 0 - - a x T ^ (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 from cores in a particular ONE state and the minimum 

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

Let ONE 

V- . • the voltage from a core in the ONE state giving the 

largest positive voltage output and receiving 1-kU 

units of excitation. 

and 

V7_k„ • the voltage from a core in the ZERO state giving the 

smallest positive voltage output and receiving 1-kU 

units of excitation. 

See Section h.02 
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If i t i s assumed that these states also give the smallest and largest 

negative outputs respectively, then 

ONE - v°m Y a. v™ 
0NEmin *1 T ^ T X °k V l 

n 

ERO 
kU 

(3) 

and 

Let 

Then 

n 

« w - »>„ • «T - "T0 - r °K »t« (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 § , , 's and the worst possible combination of 

these obtalnablei however, this becomes very involved because of 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 

nun max 

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 

the two cores such that the voltage outputs add. Then, 
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mo. . . - vf"° • vj»0 (2) 

and 

' ' " . i n - ^ ^ - ^ - C - ^ O »> 

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

output of the disturbed core i s of opposite polarity. 

Then, 

ONE min 
ONE _ >̂NE f k l 

v l vl-kU KU) 

ZERO... • v f * > - V ^ ° 

ONE , - ZERO - V?10 - 7?°*° - £ , ,_„ (5) 
• i n a«x 1 1 w l -kU v ' 

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

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

the disturbed core was any one in the array, this w i l l be true for the 

case when the winding goes through a l l the cores of the digit plane. 

Since, except for very small arrays, the magnitude of ONE . and ZERO 
min will be the same for every address, ONE . minus ZERO is Independent 

of the sense winding geometry* 

Although ONE minus ZERO is Independent of geometry, it 

should be realised that the individual quantities are affected and, 

consequently, the ratio of ONE . 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 II 

A U-OOORDINATE READ — 5-COORDINATE WRITE GORE MEMORY SYSTEM 

CHAPTER 3 

IWTRODDCTIOM 

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 19U9 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. 3.01a.) In 1950, W. N. Papian investigated this proposal, 

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

rectangular ity for memory application were available.-* From the results 

of this investigation, a one digit memory of u bits was built, Mil 

eventually this was expanded to 256 bits. However, during this period, 

powdered ferrite cores were being developed which were faster switching 

and cheaper to manufacture than the metallic-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 (20u8 17-digit registers) had been replaced by ferrite 

core storage, and by the spring of 195k * 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 uauld be required for the larger system. 

3.02 Memory Systems with More | M 3 Coordinates 

By using magnetic-core switches and by increasing the 

number of mommy coordinates, the number of vacuum tube drivers necessary 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



r 

x.s 

J* -

s r 

: r ^ ^ c 

>P r>> 
V 

7 ^ ^ ^ £ 

J c 

4 f l fe 
^ 

x. 
j r̂ 

y M V 

READ 

WRITE: 

S i 
a i 

s i 
UJ 

x, 
1 
2 

0 

x , 
1 _7 
0 

x 2 

i 
0 

X 2 
1 

"T 
0 

* 3 

0 

° 

X J 

0 
1 
2 

s 
<J> 
m 
i 

FIG. 3.01 a 

A 2-COORDINATE READ-3-COORDINATE WRITE 
CORE MEMORY 

u 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



Report 6R-235 -U3-

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 

switch, * * ' 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 materials 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. 

2. Since p . - — ^ T » the cores must have more rectangular 

hysteresis loops as n increases. 

3» With a given core material, ONE , - ZERO will decrease 

, because of the fact that more cores are partially excited and the value of 

the maximum partial excitation increases with increasing n. 

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 

17 
its optimum setting into a region of error. This probability is 

dependent upon many things including the probability of tube failure and 

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

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

D 
also the effect this design has on margins. 

§ 
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3»03 The Proposed Investigation 

The remainder of th is thesis w i l l be concentrated on determining 

whether a large capacity memory using a ^-coordinate read — ^--coordinate 

write i s practical from the standpoints of re l iab i l i ty , speed and cost* 

In Chapter h the general theory of Part I wi l l be applied to this specific 

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

and in Chapter 6 the experimental analysis o f a 8 x 8 x 8 x 8 memory 

plane wi l l be given along with the f inal conclusions. 
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CHAPTER h 

SELECTION AND SENSING 

1*.01 The Se lec t ion System 

The following spec i f i ca t ions w i l l be placed on the system to be 

analyzed. 

1* The read w i l l use a li-coordinate s e l e c t i o n system and the 

write w i l l use a ^-coordinate se lect ion system. 

2 . Either the s e l e c t i n g l i n e or unselecting l i n e s in each coor­

dinate w i l l use a zero exc i ta t i on , and the exc i tat ions w i l l be chosen to 

obtain the best possible s e l e c t i o n r a t i o . 

With these spec i f i cat ions in mind, the r e s u l t s of Part I can be 

evaluated to determine the necessary e x c i t a t i o n s . For the read, 

-2 1 / , % 
U J - 8 J nT? = " 3 CD 

with 

N 8 = i ^ » 3 (2) 

and 

KsI¥ =1 (3) u 

and for the wr i te , 

with 

2 1 ,.» 

» . - T " ^ (5) 
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and 

1|6. 

N = 
u 

n-1 • 2 (6) 

These r e s u l t s are tabulated below, and Fig . U.Ola shows the read wiring 

schematic for a UxUxUxU d i g i t p lane . The wiring for the write i s the 

same except for an addit ional winding i n each d i g i t plane, t h i s winding 

passing through a l l the cores of the plane. 

' • • 

TABLE U.Ola 

READ EXCITATIONS 

8J 
UJ 

h 
1/3 

0 

h 
1/3 

0 

X3 

1/3 

0 

h 
0 

-1/3 

TABIE U.Olb 

WRITE EXCITATIONS 

3J 
UJ 

Al 

-1/3 

0 
-

x2 

-1/3 

0 
1 

h 
-1/3 

0 

\ 

0 

1/3 

H 1 
0 

1/3 

t# 

The selection ratios obtained with these excitations are: 

R _ n+2 . 3 R "T I (7) 

for the read selection, and 

n-i 
3 
? (8) 
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for the write s e l e c t i o n . 

li.02 The ONE and ZERO States 

Assuming that the hys teres i s loops close upon the f i r s t traver­

sa l , there w i l l be a f i n i t e number of ONE and ZERO s t a t e s , and these may 

be determined from the di f ferent poss ib l e read-write sequences tabulated 

below. 

TABLE li.02 a 

POSSIBLE READ-WRITE SEQUENCES OF PULSES RECEIVED 

BY CORES IN THE PLANE 

If core in 
question is 
selected 

If core in 
question is 
unselected 

If the information written 
in the selected core is ONE 

Read 

1 

<73 

1/3 

0 

-1/3 

Write 

-1 

-2/3 

-1/3 

0 

1/3 

If the information written 
- in the selected core is ZERO 

Read 

1 

2/3 

1/3 

0 

-1/3 

Write 

-2/3 

-1/3 

0 

1/3 

2/3 

*See Section 2.02. 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



Report 6R-235 U8. 

These states and the associated hysteresis loops are depicted 

in the sketch of Fig. U.02a, and combinations of read-write sequences 

that wi l l place a core in each of these states are given in Table l*.02b. 

To determine the accuracy of the qualitative picture given in 

Fig. U«02a, D.C. hysteresis loops were obtained for a typical memory core 

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

smaller excitations the assumption that the loops close on the f i r s t 

traversal i s quite good whereas for the larger excitations this assump­

tion i s 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 resu l t s . 

li«03 The Memory Plane Output 

As was stated in Section 2.0f>, because of (he many information 

states that ex is t , i t becomes nearly impossible to predict the memory 

plane output since i t wi l l be a function of both the pattern stored and 

the sequence of register se lect ions. A very pessimistic estimate of the 

worst difference that will ex i s t between a Offi and 2CRD output can be 

obtained for this system by evaluating equation 2.0|jf>)for n=U 

k 
ONE^ * „ = V?* - vf*> - Y Ck(n) J ^ ( l ) 

lc*l 

and i f d = d« = ••• = d 

°"S^„-a!»0-x"DlIE-'fI,D - Md-D<(2/3 - 6 ( d - l )^ l / 3 

- M*.I>3<£, - (d-irX,/, 

One sense winding per digit plane i s assumed. 
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TABI£ U.02b 

SEQUENCES FDR OBTAINING A GIVEN STATE 

State* 

1 

2 

3 

k 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Hi 

15 

Cycle 1 

Read 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Write 

-1 

-1 

-1 

- 1 

-1 

-1 

-1 

-1 

-1 

-2 /3 

-2 /3 

-2 /3 

-2 /3 

-2 /3 

-2 /3 

Cycle 2 

Read 

1/3 

1/3 

2 /3 

2 /3 

2 /3 

2/3 

2/3 

- 1 / 3 

1/3 

1/3 

2 /3 

2 /3 

- 1 / 3 

Write 

-1 /3 

0 

-2 /3 

- 2 / 3 

- 2 / 3 

-1 /3 

- 1 / 3 

2/3 

- 1 / 3 

0 

- 1 / 3 

- 1 / 3 

2/3 

Cycle 3 

Read 

1/3 

1/3 

1/3 

1/3 

Write 

- 1 / 3 

0 

0 

0 

The numbers refer to Pig. l*.02a. 
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- v^-vf80- U(d-l)cT2/3 - 6(d-l)2^ l /3 

-(d-1) <$_ l / 3 ( 2 ) 

where the O 's are the worst possible. However, in actual operation i t 

i s impossible to get a l l the cores into the worst states simultaneously, 

and therefore, the results given by li.03-(2) can be overly pessimistic by 

an order of magnitude. 

I f staggering i s used in the selection, this margin (between 

OK , and ZERO ) can be improved greatly since then only l /d of the mxn max 

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

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

2j.02-(2) s t i l l applies, being evaluated for the new values of Q , . . . 

U»Oli Selective Disturbing 

I t was pointed out in Section 2.03 that for some sensing 

schemes, i t i s necessary to have cores in states that wi l l 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 wi l l receive 

positive disturbs and part w i l l receive negative disturbs, the disturb 

sequence cannot consist of a single excitation on a winding common to a l l 

the cores of the digit plane, as was true of the post-write disturb of 

the system when n=2, for s tates which give reversible outputs for posi­

tive excitations wi l l give irrewrsible outputs for negative excitations 

and vice versa. The pre-read disturb must be such that a l l cores receive 

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

tion received during the read (See Fig. U-02a). 
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2 . The only negative read disturb i s a - l / 3 disturb, and 

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

this excitation i s -l/3» the previous selection of this coordinate alone 

wi l l put the cores negatively excited during the read in states which 

wi l l give reversible outputs. These cores wil l 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, a l l the cores receiving a 2/3 

excitation during the read will be pre-disturbed by this amount, and a l l 

those receiving a 1/3 excitation wi l l be pre-disturbed by at least l / 3 

and at most 2 /3 . 

Therefore, the disturb cycle consists of pulsing coordinate 

I. (Fig. U*01a) and then pulsing the remaining coordinates two at a 

time, i . e . , I , and I ? , followed by X_ and I , followed by I and X.. 
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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 typesj 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 5.01a), 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 sane 

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 from 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. 

-5U-
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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 thai 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-39U 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 and that a sufficient number of cores were 

readily available for building a n 8 x 8 x 8 x 8 digit plane. 

5.02 The Pulse Tester 

The pulse tester was made up using Burroughs test equipment and 

20 
Model V core drivers y and core outputs were observed with a Tektronix 

£HtD, 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 U.02a 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 U096 times* 

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

5.03 Pulse Test Data for MF 1326B 

Fifty MF I326B cores were chosen at random from Lot 0°2 and used 

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

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

selecting current of 820 m.a., the fully selected outputs ranged from 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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10$ to 120 mr.) These cares were driven simultaneously and the sum of 

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

Preliminary experimentation showed that for a 3 to 2 selection system 

the optimum current lay somewhere between 550 and 6£0 ma-andyithjetLeven 

in this range, the various disturb voltage outputs were such that it 

vould be impossible to operate a n 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 ma . 

with rise times of approximately .5 p-sec and those far I = 6$0 are shown 

in Figures 5.03a through 5.03d. Taking measurements from the pictures 

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

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

values are tabulated in Table 5.03a. 

Equation U.03-(2) can be evaluated using this data and for 

3^ • 650 »,*. a n d d j ^ - d g - d j - d ^ - e . 

W i n " | Z E R 0 |-x " h m - V1ZER° - « * * ) 62 - 6 (d-D 2 ^ 1 - ( d - 1 ) ^ 
3 3 3 

• .OI4I4 - .001 - 28(*0053) - 29U(.O008) - 2l*0l(.0O07) 

• .oUU - .001 - 2.16 < o 

Clearly, the magnitude of the disturb voltages is such that it would be 

impossible far 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 by a factor of ten, this 

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 5.03a 

VOLTAQE OUTPUTS AT A OIVEN SENSINQ TIME 

STATE 

1 
2 

3 
£ 
5 
6. 

7 1 
9 
10 
11 
12 
13 2 
15 
1 
2 
3 
I 

5 
6 

7 1 
9 
10 
11 
12 

13 
la" 
15 

EXCITATION 

^ 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2/3 
2/3 
2>3 

2/5 
2/5 
2/3 
2 2 
2/£ 
2/5 
2/J 
2/} 
2/3 
2h 
2/3 

2/5 

VOL! 

y«60Q k 

.036 

.035 

.035 

.032 

.032 

.032 

.032 

.032 

.001 

.001 

.001 

.001 

.001 

.0052 

.005U 

.0056 

.0026 
,0021i 
•002b 
.0012 
.0010 

.0008 
t0CO6 
.0007 
.0006 
.OOOU 

LGE OUTPUT (Volti 

I =650 MU 
m 

.050 
•Cup 
.050 

•ot5 
•QU5 
•0U5 
•0U5 

.out 

.001 

.001 
•001 
.001 
.001 

.0050 

.0O5U 

.0056 
•002U 
•002U 
.002U 
.0008 
.0008 

.0003 
•OOOU 
•000b 

•ooou 
.OOOU 

) 

1 , - 7 0 0 -

.070 

.o6> 
•06B 
.061 
.060 
.060 
.057 
.057 

•001 
.001 
.001 
.001 
.001 

.0060 
•0060 
.0068 
.00U8 
•00U8 
•00U8 
•001U 

.oom 

.0006 
•OOCU 
.0003 
•0002 
•0002 
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TABLE 5.03a (Continued) 

STATE 

EXCITATION VOLTj QE OUTPUT (Volt ) 

^"600 •* , I =65Q m I «7oa«*. 

S .0015 .0010 .0009 
.0003 .0003 ,0002 

S .0003 .0002 
.0005 

•0002 
.0005 m .0009 

S .0003 .0003 

m .0005 
.0002 .0002 

.OOOU 
& 

.0003 

& 
.0003 .0003 .0003 

& .0005 .0005 10 it .0003 
11 
IT & 

.0003 .0002 .0002 

m .0003 .0002 .0002 

* fi .0003 .0003 •0002 

8 .0003 .0002 .0002 

M -.0005 
.0005 

-.oooT 
.0005 W -.0003 m -.0008 

-.0003 

m -.0006 
•.0005 
-.0005 

-.0005 
Jim. 
22 

-.0007 -.0009 m -.0007 

i M .0009 
-.0005 
-.0008 

.0007 
-.0005 

5ZE 
•M 

-.0009 

m -.0005 10 m oooir -.0003 
11 M -.0005 

-.0006 
- .000 

12 33 
* i£ .0003 

•.0005 
0002 
oooU 

-.0003 

SI 

NOTEt 1 . The sensing time for Is
a6O0. ma. was .80 usee after the time 

marker shown in each of the photographs, and for 1^650 ma. and 
3^*700 • * , , i t was .85 jisec. 

2 . At the time the data was taken, the mistaken impression was 
held that states 9 and 15 were impossible in system operation and 
consequently no data was taken for these statesj other results 
indicate that they do not differ greatly from states 8 and lU 
respectirely. 
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vlll be smaller in amplitude, the difference between the disturb voltages, 

which are much more numerous, would also be less. However, data from the 

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

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

and 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 shoving the integrated 

outputs for I = 650, A simple RC integrator with R = 100k and C • 220 w*f m 

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 da +a and that already presented is given in Table 5.03b. The 

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

that were predicted to be reversible are so. 

One final test was made to determine whether the cores were 

disturb sensitive, !.«., whether information was destroyed by repeatedly 

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

put in State 9 with I • 700 ana then disturbed repeatedly from 1 to U096 

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

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

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

6U and 1*096 disturbs* 

I 
See Section 2*03 

See Figure U*02a 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



X V/DIV. 

I / A S E C / D I V 

X V / D I V 

I / ISEC/DIV. 

NOTES 

I. NUMBERS UNDER PICTURES REFER 
TO STATES OF Fl G. 4.02a 

2.THESE OUTPUTS ARE FOR 50 CORES 

MF 1 3 2 6 - B , DIE SIZE 3 9 4 , LOT G 9 2 . 

• 

ro 

m 
I 

< 

FIG 5.03 e 

INTEGRATED V 'S AT I • 6 5 0 ma 
I M 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



c 

NOTES 

I /xSEC/DIV. 

I. NUMBERS UNDER PICTURES REFER 

TO STATES OF FIG. 4 .02a 

2. THESE OUTPUTS ARE FOR 5 0 CORES 

MF 1326 - B , DIE SIZE 3 9 4 , LOT G 92 

FIG. 5.03 f 

o> 
m 
i 

< 

INTEGRATED V 'S AT I = 6 5 0 ma. 

3 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



(I 

t-

I /i.SEC/DIV 

l^i.SEC/DIV 

NOTES: 
1. NUMBERS UNDER PICTURES REFER 

TO STATES OF FIG. 4 .02 a 
2. THESE OUTPUTS ARE FOR 50 CORES 

MF 1326-B, DIE SIZE 3 9 4 , LOT G92 

FIG. 5.03g 

* > 

I 
< 

INTEGRATED Vj_ s AT I M = 650m.a. 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



t 

1 

I / iSEC/DIV 

NOTES: 
I. NUMBERS UNDER PICTURES REFER TO 

STATES OF FIG.4.02a 
2.THESE OUTPUTS ARE FOR 50 CORES 

MF 1326-B.DIE SIZE 394, LOT G92 

I 
< 

FIG. 5.03h 

INTEGRATED V. 's AT I M = 6 5 0 m a 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



a Report 6R-235 -70-

TABLE 5.03b 

A COMPARISON OF UNINTEGRATED AND 
INTEGRATED OUTPUTS 

y**tt 

STATE 

J 

10 
11 
12 

10 
11 
12 

EXCITATION UNINTEGRATED 
OUTPUTS 

(Normalized) 

1.00 

"IE 1.00 
*?o 
•90 

3fc 
~ ^ 2 ~ 
~ ^ 2 ~ 

.02 

.02 

.02 

.100 
qo8 
.112 

"low 
"icW 

.016 

.016 

.006 

.008 

.006 

.008 

.008 

INTEGRATED 
OUTPUTS 

(Normalised) 

1.00 

HI 
1 
TB2 
T B Q -

To5~ 

l i i r 
.121 
.109 
.092 

HE 

ôgo 
JQ£ 
.010 

TooT 
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TABLE 5a03b (Continued) 

STATE 
EXCITATION UN INTEGRATED 

OUTPUTS 

INTEGRATED 

OUTPUTS 

3 .020 
T00T 

.013 

H2-m a ^coU. 
.010 
ToojT 

.001 

.000 
•010 

fi .003 

fi ,000 
TooS" a a •000 a Toby ToUT 10 ^ 2 -11 

IT a .009 a TobT 
TobTT 

.000 a .003 

B .000 

22! S - . 010 -.000 

9 - .010 -.000 a - .012 - . 0 0 1 

m -.009 -.000 

I 
- . 010 -.oco 
- . O I L -.002 

i - . 0 1 0 -.000 
TooS" m - . 017 m 10 a -.007 -.000 

11 m - fQQ7 -.000 
12 m m 

-.011 -too? 
-.000 m -»Q07 - . 001 

NOTEi 1 . The sensing time for the unintegrated data i s .85 n-sec. after 
the time marker, and for the Integrated data 3 .5 i i see . 

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

OPERATION OF AN 818x8x8 DIQIT 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 HF1326B 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 realised 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 Uxltxljxli plane (Fig. h.Ola). A cancelling 

sense winding was used i.e., 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. 6.01a is a photograph of the plane* 

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

-73 -
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FIG. 6.01a 

AN 8x8x8x8 MEMORY DIGIT PLANE 
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wiring tine was approximately 50 hours, the wiring being done by a tech­

nician experienced in building 61ix61i planes of the same physical dimen­

sions. 

6.02 The Memory-Plane Tester 

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

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

that for the core tester with the addition of a balanced-input sense 

amplifier (Fig. 6.02c). 

The tester was capable of doing the following: 

1. Any one of four addresses could be selected manually 

through the use of toggle switches, and the four driving l ines 

that comprised this group could be changed by resoldering. 

2. At any of these addresses a simple read-write cycle, 

or a pre-read disturb sequence followed by a read-write cycle, 

or a staggered read-write cycle could be used. 

3. Al l ONEs or a l l ZEROs (states 1 and 15, respectively) 

could be written by ful ly exciting the digit-plane winding. 

h. Patterns that gave approximately the minimun ONE and 

maximum ZERO could be written by exciting the sense winding 

with ±1^. This would leave the cores of one polarity in a ONE 

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

would tend to maximise 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 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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shown in Figs. 6» 03a through 6 .03c 

In the f i r s t t e s t s that were made only amplitude discrimination 

was used, and as was predicted in Chapter 5, i t 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 magnitude 

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 f i r s t data taken with the staggered read* were discarded 

when i t was discovered that the results were in error because of a i r -

flux pick-up. This pick-up was due to the fact that what was assumed to 

) be a non-inductive sense winding was only partial ly so because of the 

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

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

made to approximate the worst results that might arise in actual opera­

tion, but i t should be observed from the photographs shown that, as 

would be expected, not only were the iLagnttudes of the outputs influenced 

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

influenced by the previous history. 

The procedure used to obtain each sequence of photographs was 

f irs t , the digit plane winding was excited with ±1,, to establish a 

pattern with a l l the cores in the sane ONE state, and then a ONE and 

* See Reference 20 
** For a general discussion of sense winding geometry and i t s relation 

1ft to the pick-up problem, see Reference 21. 
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PATTERN SEQUENCE ONEANDZERO OUTPUTS 

ALL ONES 
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NEGATIVE POLARITY ONES 
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NEGATIVE POLARITY ONES 

I 
CORES OF POSITIVE POLARITY 

ONES— CORES OF NEGATIVE 

POLARITY ZEROS 
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F I G . 6 . 0 3 b 

MEMORY PLANE OUTPUTS FOR A SELECTED 
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ZERO output from a selected core were photographed. Next the sense 

winding was excited with +1^ 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 and the outputs 

photographed. 

A study of the data shows that although the margin i s small, 

the smallest CHE does exceed the largest ZERO, and when i t is recalled 

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

are encouraging. I t should also be noted that the magnitude of the 

difference between the smallest ONE and largest ZERO for the positive 

core chosen i s a good deal larger than that for the negative core 

chosen, and this indicates that there i s an appreciable variation in the 

core outputs, both ful ly selected and disturb outputs, and that careful 

core tes t ing at the operating cur-onts would greatly improve the results . 

6. Oli Conclusions 

The data already taken indicate that a more extensive analysis 

of the proposed system i s well worthwhile. I t was shown that a core wi l l 

hold i t s information even when repeatedly disturbed and that the major 

problem i s due to disturb outputs masking the signal. For the U096-bit 

digit plane,. the effect of the disturb outputs i s reduced by the use of 

a staggered read to the point where successful operation seems possible. 

To further evaluate the proposed system, a comparison can be 

made with a comparable I1O96-register memory using a 2-coordinate read— 

3-coordinate write. A 61ix6U dig i t plane wil l require at least 2(61r»-61i)=256 

driving cathodes, whereas an 8x8x8x6 digit plane w i l l require 2(8+8+8+8)=6U 

or l/H the former number. The excitation of each driving l ine In the 
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2-coordinate system i s 1^/2, and in the U-coordinate system only 

1^/3 where the value of 1^ i s 0 f necessity l e s s for the U-coordinate 

case, and experimental results indicate that the current per driving 

l ine for this system would be about 1/2 the current for the 2-coordinate 

system. Although the current i s l e s s for the U-coordinate case, 1/8 of 

the total array of cores must be excited by each driving l ine as compared 

to l/6U for the 2-coordinate case, and i t may be necessary to use a more 

complicated driving circuit in the former system to obtain a comparable 

r ise time. 

In the 2-coordinate system, tvo 6U-position crystal matrices 

are needed and because of the considerable load this presents, the 

f l ip-flops which control the matrices must be followed by cathode followers. 

With the U-coordinate system, four opposition matrices are needed, and 

the load i s reduced to the point where the fl ip-flops could probably 

drive the matrices directly. 

The magnitudes of the total disturb outputs can be compared 

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

number of excitations received by each core summed over a l l the cores in 

the plane. For the 2-coordinate case as operated with no staggering 

"core-amperes""JF 128 x I • 

and for the U-coordinate case with staggering 

"core-amperes" = U0°6 x 3_" 

Since L' **2ni" the "core-amperes" increase roughly by a factor of 2 

"5 —? 
for the U-coordinate case. If the hysteresis loop were linear in this 

region and i f the loops for each case were the same, then twice the 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



Report 6R-235 -87-

disturb output could be expected far the U-coordinate system. However, 

the hysteresis loop i s not linear and therefore, the smaller excitation 

in the U-coordinate system produces outputs which are l e s s than would be 

encountered i f the loop were linear. On the other hand, the loop tra­

versed in the 2-coordinate system i s larger and has smaller slopes, and 

this would tend to decrease the size of the outputs as compared to the 

U-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 i s that the ONE output 

for the U-coordinate case, which i s , after a l l , the signal to be detected, 

i s about 1/2 as large as the ONE obtained for the 2-coordinate case. The 

net result then, i s that very roughly the ONE to ZERO ratio far the 

U-coordinate system using staggering should be about l/U that obtained 

for a comparable 2-coordinate system not using staggering; the photographs 

show i t i s somewhat worse than th i s . 

One final comparison to be made i s between the memory cycle 

times. These times are approximately c/'sec for the 2-coordinate 

system and J*/sees, for the U-coordinate system. 

In summarizing the results, i t can be said that i f a smaller 

working margin and longer memory cycle are allowable, a considerable 

reduction in driving cathodes can be made by using a U-coordinate read— 

5-coordinate write system.* 

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