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ABSTRACT AND FCREW(RD

For many computational applications there is a need for a high-
speed digital camputer with a large intermal memory capacity. The search
for a reliable random-access memory with a fast information-access time
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 f;n' some time.

This thesis report reviews and extends the theory of magnetic-
core memories for the gemeralized n-coordinate selection system. The
criteria for obtaining the maximum 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 lL-coordinate read and S5-co-
ordinate write in an attempt to reduce the mmber 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. The
results, here indicated, show that a 4096-bit digit plame (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 mmmber 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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PART I
THE THECRY g; CORE MEMCORY SYSTEMS

CHAPTER 1

1.01 The Basic Problems
To i1lustrate 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, all
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 storagej® two
remanent flux states of the core are used to represent the two digits,
ZERO and ONE, as defined for the hysteresis loop of Fig. 1l.0la.

In using an array of these elements as a storage medium, it i
is necessary that the system be able to perform two functions. The first
is 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 “writing.?

From a study of Fig. 1l.0la, a suitable read operation may be

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

*Only binary storage will be considered in this thesis.

a)s
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amplitude I,» 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 "switch" 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-
y 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.”™ 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 ~-L .. 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 1t 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.

Bl *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,




APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

» Report 6R-235 ~k=
Definition 2:1 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 3t 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
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 (Fige 1.02b), it is impossible to select only a single

4 core for each choice of driving lines in the remaining coordinates since
any line of one coordinate intersects - those of another more than
once. Thereforesjthe 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.

1403 DPgin 35 a Function of the Number of Coordinates>

Consider an n-coordinate 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 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 minimum required value of p (ppyp) 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 84 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 -sj to the excitations of all the
driving lines in the jth coordinate, the excitation on all the cores will
change by -sj. If this process is repeated for all n coordinates, i.e.,
-8 is added to the driving lines of the kth coordinate,etc., the exci-
tation on all the cores will diminish by one unit ligoe as previously

J
Passing through any unselected core there can be a minimum of

n
stated the sum of the selecting excitations is unity,); s, ¥,

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

U

n
4 and the miniwm excitation would be -E Uy, where

v, 4 ~(uy-8,) ® 8,u 5 § = 1,2,%%n (1)
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n

lected core is 1-U, and the minimum excitation is 1-; U 4+ Froma

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

the system are

1-uj.rn (2)
and
l-i UJ:;_--p (3)
F1

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

from 71 to jn,
n

-Z UJs - n (1-p) (L)

FI

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

z U == (14p) ()
F1

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

-n(1-p) =~ (1+p) (6)
p:-ﬂ% (7)

and therefore,

Pain %% (8)
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When the selection ratio (R) is defined as the excitation
applied to the selected core divided by the maximum excitation applied to

any unselected cores,

1 _nl
e =8 (9)

B‘Axa

1.04 Necessary Condition for Rmx

Continuing the discussion of the previous section, the next
step is to obtain the necessary condition for Rm' This is easily ob-
tained from the inequalities 1.03-(L4) and 1.03-(5) by a substitution of

equation 1.03-(8).

£1D) = Uy = -n(1-p) (1)
) Fl
and
plin = 7::& (2)
therefore
n
-2n _ U =2n
= = n+l (3)
J:

Ma
.
N
=}

v, o= o7 (1)
1

But from inequality 1.03-(2)

» Uy = (1-p) = oy (5)
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and therefore

v, = 731 (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

Bj-u.‘l:??-]f; J=L,2,"""n (N

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

straint with the original constraint that

n
Z sj = 1 (8)
F1

define the system. In a practical system the further restriction that
- s - 2 :9)
3l 5 25 = = :

is required to allow for variations in the times that the drivers take
to reach maximum amplitude.
Fig. 1.04a shows two systems with a maximum selection ratio.

Since in both cases n=2,

Rm=-n-"[=% (10)
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and

2 2
IJ-lJ = orl =,5 (1)

By camparing 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 1.0h=(L), and is more readily

seen in equation 1.0L-(6).

1,05 The Choice of uy and 8y

In the previous section it was shown that the only restrictions

on 8, and u, are:

J J
(1) iuj-l y = -n(1-p) (1)
J

and

Z lj'—'l. (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
t0 Rygye

- Let N, be the mmber of coordinates in which the excitations of

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

lﬁjk'll=n (3)

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

Uy=Uy=c*=0 20 (k)
since
. | (5)
g s
J
mm’
) aj-uj 20U 3 =12 ***n (6)

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

u =0 (7

s =0 (8)
‘ with the least allowable value of p being correspondingly
p= 1leu = l-s (9)

Substituting the previous expressions into inequality 1.05-(1) and equa-
tion 1.05-(2), the conditions became
3 =(1#1~8) = n Uws -n(1~1+8) (10)

~(2-8) = n U= -ns (11)
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~(2-8)== -ns = -ns (12)

~(2-8) + ns==o (13)

-2 + (ntl) s=o (k)
and

Nss=lora=%a (15)
Substituting for s in 1.05-(1L)

2+ (nH) 3 =o (16)

s

N = L (17)
and since

N = n-Nu (18)

N, = 951 (D)

By combining equation 1.05-(5), (9) and (15), the best possible
selection ratio can be expressed as
Ha
s
where Ns is as small an integer as possible. When n is an even integer,

the smallest integral value NB can take on is

_ m2
==y (21)
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and correspondingly,

The best possible selection ratio is then

R(n) =22 =R (n+1) (23)

However, if n is an odd integer,

N, = 5 (21)
and
' Nu - 2-21 (25)

giving a best possible selection ratio of

= ol
R(n) e A Rmax(n) (26)
Considering the case when n is an even integer, the value of

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

1.05=(5).
Uy == =7 ?E! (27)

For the case of n equal to an odd integer U
1.011"(6)

3 is as given in equation

> Uy B%I (28)
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Therefore,
2 for even n
e
'J-“ =
J 2 for odd n (29)
nHL

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 utilizes 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 camprising 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 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 unselecting excitations in each coordinate
are zero. 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, amy core to the left of the dotted

» line can be selected by exciting the selected driving line in each coor-
d:lmtolrithlj=%, and any core to the right of the dotted line can be
selected by exciting the selected line in one coordinate witlh Il =% 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 ratio which would otherwise be obtained (equation 1.03-(9))
has not been affected.

At a first glance it would seem that nothing is gained since
it is now necessary to have drivers of the opposite polarity, and the
same 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 Bection 1.05, but now for any n.

ot *This was first pointed out to the suthor for the case when n=2 by
D. A. Buck,
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. The maximm 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

Ny[_ =274 n-2 . =2 4 -2 for evenn (1)
nt2 =z n+2 ne2
and
)
S nl. =2 ; n-1l for odd n (2)

Nu -2 - _n-1
n+l 2 n+l n+

Also, the best possible selection ratios are

R(n)gﬁ for even n (3)
’ n
and
R(n);'!l% for odd n (L)
n-

Now, consider reversing the polarity of just one of the select-
ing liness Then the maximm excitation any core receives is now also a
function of n and is

[l.-]_:l [n_f_i]; g.ﬁ-f =;_E__formn (5)
and
[u.-][na: Tol.2 _ml foroddn (6)
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{D and the minimum excitation is now
1 -2 1_ -2 _ =n_for even (7)
l-'T! ' [ [m] ;nf ° n °
and

N [-27 1 =27 _fa-1]/=2] - 2 - _y foroddn (8)
wiFy | e T )T e
The best possible selection ratio for even n is still

R(n) = 22 9)

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 coor-
dinate.

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 mumber 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 mumber of drivers in just a write

coordinate.
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‘0 1,08 External Selection

No mention has been made yet of the means of selecting the
driving lines within a memory coordinate. CGenerally, the initial selec-
tion in each coordinate is done by fJ bi-stable elements, where f is an

J
integer related to dj’ the number of driving lines in the jth coordinate,

by the equation
2f) = dys 3 =12 o n (1)

Therefore, the external selection problem is that of going from an fj
coordinate system of two driving lines per coordinate to a one coordinate
system of clj 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 Us5 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
u':ltch6’7’ 8,9 which excites a memory coordinate line®.

A, Diode Matrix Switch

Figure 1,08a shows a schematic of a dicde 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 one of the drivers can be made to conduct when they are

gated one

. *The core switch cannot be used when several memory coordinate lines are
to be excited simultaneocusly. Also, the diode matrix is unnecessary when

the number of switch coordinates equals fj.
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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 genmerator which
is in turn selected by a bi-stable element.

Be Core Switch

Fige 1.08c 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 the 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 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

g 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. 1l.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 unn,m 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 seen in Fig. 2.0la, the hysteresis loop is not
perfectly flat out to the knee, and therefore, g 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 ZERD state,
-26-
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but several ONE states and several ZERO states.” If the voltage from

' the disturbed cores were .I 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 output, and it would always be possible to diseriminate
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 minimum sum of disturb outputs. .

2.02 The ONE 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
magnetiszation process as consisting of both reversible and irreversible
prooouu;u’lz 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 @g-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 examp.e, 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 @-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 f to state C. However,

*see Section 2.02
*¥%g30e Section 2.03
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if the core is excited with ]'“ once more; it will move along i' to
approximately point B, and upon removal of the excitation it will follow
approximately pathf back to state C. In this case the process was
essentially reversible.
Figure 2.02b shows the path traversed in the @-NI plane when
the core was placed in state C, starting originally in state D and exciting

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

E
with I‘B 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 realized that the assumption is made that the loops close

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

and, tﬁen!om, 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:
linvom+nin V.| - mvm‘°+mZv z€
i 1 d 1 d
or - (1)

Y -nnv‘{“-mvfm’]-[mzvd-m):vd- zE€

k

¥*see Section 1.02
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where
Vgn = the voltage output from a fully selected core in a
ONE state
v]Z‘ERO = the voltage output from a fully selected core in a
ZERO state
Zv g = 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( tl) was used; 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 maximize
4 the left-hand side, it is desirable to maximize 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.
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 .

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.

Bes 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

"post-write diaturb’llz »13

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 disturbs must be used to get
the cores into these reversible states.’
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

o sero, 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

exciteds If there are d, driving lines in this remaining coordinate,

J
when it is selected only 3}— 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 nmumber of driving lines in each coordinate. G(enerally, 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

Q@

time.

By referring to the results of Chapter 1, it can be
shown that the at._luuring 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
mitatiomwillbo_f_—%ﬂnis oddmd_o_éirnil even. Also, the
cmuponding"luuofx lndll ml 'Eglmdll“'g;-l-foroddn,
andu'-%gm l -ni?-xor even n. Therefore, when all but the last
coordinate are excited, the minimum excitation any core receives is

(22 (%) =-27 fo oddn (2)

( )(n-z - E—;;formnn (3)

and the value of the maximum excitation any core receives is
n-l - D=1
(—-I) (=) =531 forodd n (k)
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and
2 n n
(m)(,) = —% for even n (5)
Recalling that the cores must be capable of withstanding excitations
of:';—-dlfor oddnlnd:il-:!forcunn, it is seen that the above
procedure has not switched any of the cores in the array.

Do 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
selective, being done by exciting the different coordinates in various

sequences just before the read. (See Section L.OL.)

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, 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.
2.04 The Number of (1-kU) - Excited Cores

- To quantitatively analysze 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
excitation is generally either %I or -;%! depending on whether n is
either odd or even.

Consider the system with coordinates Xj, Xp+++ X, and let

dl’ d?' '"dn equal the number of drivers in the respective coordinates.

o *See Section 1.03.
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n

The total number of cores in the array will be 'ITJJ, and any line in
J=1

the mth coordinate will excite y— of the total nusber of cores. There-

m
fore, when the mth coordinate is unselected 41 'lllT d, cores will
o
m J=1

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

formula can be deduced. Consider first unselecting only coordinate 11;

then
' dl l n
= d cores will receive 1 - U units

5 T "
s L 8

1l n
d cores will receive 1 unit

4 T °

& q-1 D 4 4.-1
T TT "3 d, cores will receive 1 - 2 U units
=] a;
%‘— -TTd dp-1 cores will receive 1 - U units
1 J 35
J=1
‘:Il"1 ?T dj %‘-2— cores will receive 1 - U units
1 =1
l1 n .1 cores will receive 1 unit
e
J=i
Summing the terms, the results become
4-1 | dy-l -?-'- d‘1 cores will receive 1 - 2 U units
2 | 5 j=1
(d'l'l)'(d?-n -?T d:] cores will receive 1 - U units
(¢ 4% j=1

T od, cores will receive 1 unit

1
Eal'
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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 fl;ldj will be cancelled
by the factors in the denominator when all n coordinates are selected.

' Let t:k = the number of cores receiving 1l-kU units of excitation.

- & (1)
Then C_ ?[l(dj 1)
n
G =2 ‘; %1 - (2)
k). 5 —533 kK = 1,2, (n-1)
c =1 (3)
°
i‘ 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.
Tt &y = dyimoen 4,
Then
¢, = (a-1)" (L)
-1
C., " “JiT n(d-1)" (s)
n-2
Cho ™ ’}r n(n-1) (d-1) (6)
: K
= 1  n(n=1)+++(k+l) (d-1) (7
O % (nk) s
or Kk
o, - n_(n—l);-;(n-hl)(d-l) 3 k = 1,2¢een 7 (8)

c =1 (9)
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2.05 ONE

min =~ ZERO . x

The next step in this analysis is to determine the difference

between ONE i n and ZERO-._x where

ONE_, = min Vy'" 4 min 3V, (1)

mom-mvimoa,mZvd (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
a 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

vl-kU the voltage from a core in the ONE state giving the

largest positive voltage output and receiving 1-kU

units of excitation.

L 0 . the voltage from a core in the ZERO state giving the
smallest positive voltage output and receiving 1-kU

units of excitation.

'Su Section L.02
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If it is assumed that these states also give the smallest and largest

negative outputs respectively, then

n
NE
n

o V0 5 w08, ®

Let

Vs ~ Tt (5)

‘gl-ku " exu T "1-ku

Then

ONE, - ZERO = VP -V ‘i)ck $ 140 (6)

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

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

s

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

1-kU
these obtainable; 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
on.in and mom 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 l-kU units of excitation. Pass a sense winding through

the two cores such that the voltage outputs add. Then,
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ONE4n = 'gn i 'm (1)
TR0, <V ¢ '?:u (@)
and
ONE in = ZERO . ~ vgn N 'ijo - Jl-kU 3

Now pass the sense winding through the two cores such that the voltage
output of the disturbed core is of opposite polarity.

Then,
NE _ONE
ONE, L = V) - Vi (L)
W™ ~w
- and
& NE
ONE, - ZERO_, = V' - V0 - &) (5

Therefore, changing the polarity of the disturbed core did not affect
the magnitude of OlB.in minus me 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 all the cores of the digit plane.
Since, except for very small arrays, the magnitude of Ol!.in and mom
will be the same for every address, Olllnnl1 minus mom is independent
of the sense winding geometry.

Although ONE i minus mom is independent of geometry, it
should be realized that the individual quantities are affected and,
consequently, the ratio of ONE _ to zmom is a function of geometry.
Alr flux pickup varies with geometry too, and these factors must be

0 considered in designing a system.
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PART IT

A L-COORDINATE READ — S5~COORDINATE WRITE CORE MEMORY SYSTEM
CHAPTER 3
INTRODUCTION

3.01 mm of the M.I.T. Core M

The most successful work in magnetic-core memories has evolved
from a proposal made in 1949 by Jay W. Forrostcr.m 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. 3.0la.) 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 .15 From the results
| of this investigation, a one digit memory of L bi.t.a- was built, m:?
, eventually this was expanded to 256 b!.ts.m
powdered ferrite cores were being developed which were faster switching

However, during this period,

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 (2048 17-digit registers) had been replaced by ferrite
core storage, and by the spring of 1954 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 {an 3 Coordinates

By .using magnetic-core switches 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
witch,6’7'8'9 but no work has been done previously to investiigate 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 cors
’ materials are required. This is true because:

l. 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 Ppin = z—:%, the cores must have more rectangular
hysteresis loops as n increases.

3. With a given core material, Olk-ln - ZERO = will decrease

. because of the Tact 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

4 This probability is
dependent upon many things including the probability of tube failure and

its optimum setting into a region of error.

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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3.03 The Proposed Investigation

The remainder of this thesis will be concentrated on determining
whether a large capacity memory using a li-coordinate read — S-coordinate
write is practical from the standpoints of reliability, speed and cost.
In Chapter L the general theory of Part I will be applied to this specific
case, in Chapter 5 the data obtained from single cores will be analysed,
and in Chapter 6 the experimental analysis of a 8 x 8 x 8 x 8 memory

plane will be given along with the final conclusions.
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CHAPTER U
SELECTION AND SENSING

L4.01 The Selection System

The following specifications will be placed on the system to be
analyzed.

l. The read will use a L-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,

“3"3"&%"% (1)
with

Ny =D =3 (2)
and

Nuz—“a.?. =1 (3)
and for the write,

u -8 =y = 3 (k)

with
N= 5 =3 (5)
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(6)

These results are tabulated below, and Fig. L.0Ola shows the read wiring
schematic for a lxlxhx); 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 4.0la

READ EXCITATIONS

L% |55
¢ 8 1/3| /3| 1/3| o
u 3 0 0 0 -1/3

TABIE L.0lb

WRITE EXCITATIONS

s |slanlanjo |o |
5 | 0 0 1/3 1/3\

The selection ratios obtained with these excitations are:
- m2 _3 :
s S (1
for the read selection, and

R=25 = 3 (8)
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for the write selection.

L.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 ZERD states, and these may

be determined from the different possible read-write sequences tabulated

bﬂlﬂ"c*
TABLE L.02a
POSSIBLE READ-WRITE SEQUENCES OF 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 ZERD
Read Write Read Write
If core in
question is 1 -1 : | -2/3
selected
¢/3 -2/3 2/3 -1/3
1/3 -1/3 1/3 0
If core in
question is
unselected
0 0 0 1/3
-1/3 1/3 -1/3 2/3

*Soo Section 2.02.
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These states and the associated hysteresis loops are depicted
in the sketch of Fig. }.02a, and combinations of read-write sequences
that will 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. L4.02a, D.C. hysteresis loops were obtained for a typical memory core
material (Fig. 4.02b). 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 assump-
tion is lésa 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 L4.03 The Memory Plane Qutput
As was stated in Section 2,05, because of the many information

P

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 ZERD output can be

obtained for this system by evaluating equation 2.0§)for n--h*

L
NE
min ~2R0_ ., = v(]). = VEEID = Z Ck(n) ‘-(1-11/3 (1)

ONE
k=1

o if = gy = oee = 4,

ONE; -ZERO . =V)'"-VI"© - L(d-1) 2/3 = 6a-1)° 1/3

£
R

- W18 - atg

'Om sense winding per digit plane is assumed.
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‘ TABLE L.02b
SEQUENCES FOR OBTAINING A GIVEN STATE
. Cycle 1 Cycle 2 Cycle 3
Read Write Read Write | Read Write

1 1 4 -1

’ 2 1 -1 1/3 -1/3
3 1 -1 1/3 0
L 1 -1 2/3 -2/3
5 1 -1 2/3 -2/3 1/3 -1/3
6 1 -1 2/3 -2/3 1/3 o
7 1 =X 2/3 -1/3
8 1 -1 2/3 -1/3 1/3 0
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 0
13 -2/3 2/3 -1/3
1 1 -2/3 2/3 -1/3 1/3 0
15 1 =2/3 -1/3 2/3

0

*The numbers refer to Fig. L.02a.
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D.C. HYSTERESIS LOOPS FOR A TYPICAL MEMORY CORE MATERIAL
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= WE_ 0, Wa-1)4. 2/3 6(a-1)° 1

~(a1d -1/3 (2)

where the g'a 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 }.03-(2) can be overly pessimistic by
an order of magnitude.

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

ONE 3 and ZEE}m) can be improved greatly since then only 1/d of the

mi
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 1-kU*

) L.O4 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.

l. 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 rn=2, for states which give reversible outputs for posi-
tive excitations will give irreversible outputs for negative excitations
and vice versa. The pre-read disturb must be such that all cores receive

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

tion received during the read (See Fig. L.02a).
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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 remainming coordinates.

3. If the remainming 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
lh (Fig. L.Ola) and then pulsing the remaiming coordinates two at a
time, i.e., I.l and I.z, followed by Iz and 13. followed by 13 and X.l
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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
puiae 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 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.

e
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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 thatv 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 and that a sufficient number of cores were
readily available for building an 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

ioandcmoutput-moburnduitharektmmx

Model V core drivers
514D, 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 4,02a 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 L096 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 (92 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 mvi) These cores 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 650 ma.amhithadievem:
in this range, the various disturb voltage outputs were such that it
would be impossible tooporau’mﬁxﬁxﬂx 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 pusec and those for I]l = 650 are shown
in Figures 5.,03a through 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 -(2) can be evaluated using this data and for
I.-6507na. ""‘1"’2“‘3‘%'3-
ey, - [28ROl =V, M - v RO @) £, - 6P e

3 3 3
= ,0L44 - ,001 - 28(.0053) - 29L4(.0008) - 2L401(.0007)

= .M - .0’01 - 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 by a factor of ten, this

) would still be trus, 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
VOLTAGE OUTPUTS AT A GIVEN SENSING TIME

EXCITATION VOLTRGE OUTFUT (Volts)
. STATE 1 1 =600 ma. I =650 ma. 1 =700 ma.

f\
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TABLE 5.03a (Continued)

EXC ITATION VOLTAGE QUTPUT (Vol‘l‘j)
STATE 3 I=600ma. I=650ma. | I=700:ma.

= :? 0015 .0010 20009
Y -
1 :% -0005 20008
:J, : .0003 0003
1}3 ,0003 0003 0003
15
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NOTE: 1. The sensing time for I =600.ma. was .80 usec after the time
marker shown in each of the photographs, and for I =650 ma. and
I=700 ma,, it was .05 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

v consequently no data was taken for these statesj other results
indicate that they do not differ greatly from states 8 and 1k
respectively.
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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
8 x8x 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 showing the integrated
outputs for I =650, A simple RC integrator with R = 100k and C = 220 wuf
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 zero,
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 le."

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 ana then disturbed repeatedly from 1 to L096
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 5,031 shows the outputs after 1,

6l and 4096 disturbs,

.&o Section 2,03
**See Figure L.02a
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TABLE 5.03b
A COMPARISON OF UNINTEGRATED AND
INTEGRATED OUTPUTS
I‘=650 maa
EXC ITATION UNINTEGRATED INTEGRATED
STATE QUTPUTS OUTPUTS
T (Normalized) (Normalized)
1 1 ~1,00 1,00
[2 1 .98 .98
3 1 1,00 K
_% 1 .90 . ,
1 .90 "
L3 1 290 %
1 P
f_i 1 =§ .50
9  §
10 1 02 .06
11 | 202 .0ly
12 1 .02 i
3 1 .02 p
1 202 .
1
1 = T
2 2
3 : o112 o
o Pl 7
6 2 L] [ ]
__; 2 ~.016 :ﬁ: |
Jla_ .m .gg |
11 2 4,008 ,090
12 ,008 5036
: 008 ,010 |
g ,008_ o0l |
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TABLE 5.03b (Continued)

EXCITATION UNINTEGRATED INTEGRATED

—

TE

I,
1 lf 020 0013__ !
’ 3 §L 3.5;‘?.: o
x ) % o 3
? 1 :006 :0011
== 7 - -
e = 2
C B . =003
i 5 ot e
1 ~ -,010 - 4000
[2 2 =010 =.000 |
4 Zg =505 =%
£ o =200z
=4010 -y
© e S —
12 =.0LL :.&Q?_,
% =.007 =e00L

NOTE: 1, The sensing time for the unintegrated data is .85 usec. after
the time marker, and for the integrated data 3,5 usec.

_ 2. In both cases the data has been normalized with respect to the
fc maximum output,
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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 investigateds 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 mamually 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 Lxlxlxl plane (Fig. L.Ola). A cancelling
sense winding was used i.e., if all the lines in any coordinate were similarly
{o excited, half the cores would induce positive voltages in the winding and

the remainder negative voltages. Fig. 6.0la 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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wiring time was approximately 50 hours, the wiring being done by a tech-
nician experienced in building 6lx6l 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 balanced-input 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. AY any of these addresses a simple read-write cycle,
or 2 pre-read disturb sequence followed by a read-write cycle,
or a staggered read-write cycle could be used.

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

k. Patterns that gave approximately the minimun ONE and
maximm ZERO could be written by exciting the sense winding
with £1,. This wuld leave the cores of one polarity in a ONE
state and those of the opposite polarity in a ZERO state, and
would tend to maximize the magnitude of the net output from
the disturbed cores.

6.03 Experimental Results

After making preliminary experiments at differemt current
settings to determine the best operating range, the data were takem 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 amplitude 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 ZFRO 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 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 a non-inductive sense winding was only partially 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 it should be observed from the photographs shown that, as
would be expected, not only were the magnitudes of the ocutputs 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
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

## For a general discussion of sense winding geametry and its relatiom
’ 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 ¥I 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 photogrq:h‘od. Finally, the sense winding was again
excited to store the complement pattern in the plane ani the outputs
photographed.

A study of the data shows that although the margin is small,
the smallest ONE does exceed the largest ZERO, and when it is recalled
that the cores were not tested for a 3-to-2 selection scheme, the results
are éncouraging. 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 selecisd and disturb outputs, and that careful
core testing at the operating cur~cnts would greatly improve the results.
6.0k Conclusions

The data already taken indicate that a more extensive analysis
of the pruposed system is well worthwhile. It was shown that a core will
hold its iuformation even when repeatedly disturbed and that the major
problem is due to disturb outputs maBking the signal. For the L096-bit
digit plane, .the effect oflthe disturb outputs is 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 L096-register memory using a 2-coordinate read—
3-coordinate write. A 6lx6h digit plane will require at least 2(6lrt6h)=256
driving catrodes, whereas an Ox8x8x8 digit plane will require 2(8+8+6+8)=6L
or 1/h the former mmber. The excitation of each driving line in the
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» 2-coordinate system is I'/2, and in the L-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 would be about 1/2 the current for the 2-coordinate
system. Although the current is less for the l-coordinate case, 1/8 of
the total array of cores must be excited by each driving line as compared
to 1/6l for the 2-coordinate case, and it may be necessary to use a more
complicated driving circuit in the former system to obtain a comparable
rise time.

In the 2-coordinate system, two 6i-position crystal matrices
are needed and because of the considerable load this presents, the
flip-flops which control the m trices must be followed by cathode followers.
With the h-coordinate system, four 8-position matrices are needed, and

) the load is reduced to the point where the flip-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 is, the
number of excitations received by each core summed over all the cores i.n.l
the plane. For the 2-coordinate case as operated with no staggering

"core-amperes"™¥ 128 x L'
' ' Z

and for the L-coordinate case with staggering

"core~amperes® = ;096 x 1"
S m

-—
Since I.' 2=25n" the "core~amperes"™ increase roughly by a factor of 2

., o 4
for the h-c 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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K disturb output could be expected for the L-coordinate system. However,
the hysteresis loop is mot linear and therefore, the smaller excitation
in the l~coordinate system produces outputs which are less than would be
encountered if the loop were linear. On the other hand, the loop tra-
versed in the 2-coordinate system is larger and has smaller slopes and
this would tend to decrease the size of the outputs as compared to the
l-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 to 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/k that obtained
for a comparable 2-coordinate system not using staggering; the photographs
show it is samewhat worse than this,

One final comparison to be made is between the memory cycle
times. These times are approximately §¥sec for the 2-coordinate
system and $usecs. for the L-coordinate system.

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 L-coordinate read—
S-coordinate write system.®
# 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.
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