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PROJECT GRIND REPORT ON THE HIGH SPEED GATE"

Circuit Parameters

-

Vacuum Tube: The circuit now under test uses a TAK7 pentode as the
gate tube. Life tests made by MIT on the 7TAK7's in WW -1 indicate that
the tube has long life characteristics and is therefore a suitable choice.
However, characteristic curves and life data in the regions where the
tube is to be operated for WW-2 applications is not yet available. Pre-

parations are now being made by Dave Crawfoxrd's group at I3M to run 7TAKY7

characteristic curves in the positive regions, but no data has vet been
obtained.

Pulse Transformers: Input and output transformers are being used in
the bench test units, although the circuitcan be operated without an input
transformer when driven by the secondary of the output transformer of
the driving stage. p

The input transformer is the standard MIT 1l:1 transformer. The
effect of this transformer upon input pulse amplitudé is shown by the
curve on page § . It should be noted that the transformer increases
pulse width due to the relatively high leakage inductance. ‘Shunt unduct-
ive compensation can be used to reduce pulse width, but this also reduces
available amplitude. Low leakage transformers are being constructed,
and these units will be used for the final tests.

The output transformer is a special 7:1 transformer with tight coupling
between windings. Tests have been made on transformers with ratios of
1:1, 3:1, 5:1, 6:1, 7:1, and 8:1, and these tests have indicated that the 7:1
ratio is the most suitable choice. The load line with this ratio for a 93
ohm load is kept below the knee of the Ep-Ip curve to obtain less variation
of output voltage with load changes. Gain curves for the 5:1, 5:1, and 7:1
ratios are shown on pages 6,7 ard 8 .

Transformer Termination: The output transformer termination has been
chosen to be 93 ohms because of the following reasons: '
1. 93 ohm cables will be used in WW-2.
2. A 93 ohm termination does not require shunt primary diodes.
3. Load capacity may be very large before transformer loiding
is appreciably changed.
4. 93 ohm loading helps to hold line pick-uap to a minimum.

Suppressor Grid Resistance:‘ The effect of simulating a cathode follower

resistance by placing a resistor in series with the suppressor grid is




shown in the curve on page8 . It is seen that this resistance tends to
flatten the top section of the gain curve. This is desirable in order to
maintain a more constant output over the range of grid input amplitude.

Parasitic Suppressor Resistance: Verbal reports from Herb Platt of
MIT indicates that the parasitic suppressor is instrumental in holding up
output amplitude. No investigation has yet been made by'iBM, but tests
are being planned to determine the optimum value of this resistance.

Decoupling Networks: Optimum values of decoupling parameters have
not been determined, although satisfactory results have been observed
with 0.5 uf and 22 ohmsé in the -15 volt lines, 0.1 uf and 22 ohms in the
+90 volt lines, and 0. 01 uf and 220 ohms in the +250 volt lines. It is
‘ thought that these values are somewhere close to optimum values. Tests
to be made will determine the minimum values.

Driving Voltages and Currents

Suppressor: The DC level is supplied to the suppressor which constitutes
one input of the "plus AND" ¢ircuit. This level has been established at

+10 or -30 volts. The +10 volts has been selected in order to obtain higher
amplitude output. It also shows less deviation of output amplitude with
respect to a change in the suppressor level as shown on curve # § . The
input capacity of the suppressor grid without stray capacity is approximately
4uuf. The current requirements (during a pulse on the control grid) is
approximately 50 ma peak. This grid cuts off at about -10 volts.

Control Grid: 0.1 microsecond pulses are supplied to this grid'» and these
constitute the other input of the "plus AND" circuit. This pulse has been
tentatively standardized at 20 to 40 volts in amplitude, 0. 08 to 0. 12 micro-
seconds in width, a maximum of V. 4 microseconds recovery time, and
maximum of 5 volts positive overshoot. This pulse basically is a half sine
wave but may be flat on top. The iaput capacity is 12 uuf. The current re-
quired to drive this grid is approximately 50 ma peak. with 24 ohms in series
and is 20 ma peak with 470 ohms in series with the control grid.

Supply Voltagef

Plate: The plate r=guires +250 volts with a maximum average current of
approximately 15 ma.

Screen: The screen requires +90 volts with a maximum average current of




approximately 6 ma.

Bias: The bias is set at -15 volts.

Marginal Checking

No marginal checks have been made to date, 3ince it was felt that the
circuit should be completed and in final form before this type of testing was
attempted, e

Work to be Done

A series of final tests have been set up to determine the performance
of the final gate circuit under wide conditions of loading and driving applica-
tions. These tests will be started as soon as the bench test unit is completed
and the required special transformers constructed to required specifications.
These transformers are now on order and should be received within a week.
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TAK7 CIRCUIT AND TESTS

Gate Tube Circuit:
220.0. -
Mg +254 v.
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Gate Tube Tests:

Data should be taken to plot the followlng curves:
l. Curves of input amplitude versus output amplitude, pulse
width versus input amplitude, and recovery time versus
input amplitude for the following cases,
a? Resistance loads - 93, 82, 75, 68, 62 and 51 ohms
b) 93 ohms and various capacity loads until output falls
off in litude.
(e) Repeat ?mﬁ and (b) with 40 feet of RG62/U coax between
transformer and loads.
(a) Load of 3 gate tubes and 1 flip-flop under the follow-
conditions.
1) Direct to GT & thru xmfr to FF
2) Darect to GT & thru diode logic to FF xnfr
E Thru xmfr to each GT and flip-flop diode logic
Thru common xmfr to GT and diode logic to FF
(e) Two TAKT7's as an OR circuit with common output trans-
former. max rep rate of 1 Mc.
(f) GT driving GT with no xmfr on second GT. Curves should
be plotted for second GT by transfer characteristics..
(g) Repeat steps (d) to (f) with 40 feet RG62/U coax between
* gate tube and loads.

2. Curves of amplitude output, pulse width and recovery time
versus marginal check voltage for plate, screen and coatrol
grid voltage marginal checks.

Gewm QW1XJunq
Don Thomp ‘/u./.fa
Be% L Jn..., .
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ABSTRACT

A 3-core magnetic-memory cell was built, tested, and analyzed. One
of the three cores is exclusively for the retention of information (memory);
the other two cores are involved in the selection process, one during
"read," the other during "write." The characteristics observed in this
memory .suggest the satisfactory response that may be expecteds

A complete read and write cycle was completed successfully
in 0.5 microsecond.

Voltage outputs from a single memory core were as large as
2.5 volts. :

The ONE-t0-ZERO ratios were found to be about 20 to 1. ONE
to noise ratios were several hundred to one,

These results compare favorably with those encountered in present coinci-
dent-current memories.

Some drawbacks were encountered in this external-selection memory.
To obtain the requisite high operating speed, the switch cores must be
driven very heavily; also, to obtain maximum efficiency the cores should
not switch before the currents have risen to their final values. These
conditions require a source of large currents with very fast rise and fall
times. In driving a large-scale memory, it is difficult to obtain fast
rise and fall times because of the inductance of partially selected cores
and because of the long leads required. Furthemmore, the voltages induced
in the selected switch cores are large; a number of these cores in series
might well present an excessive back voltage to the core driver. These
and many other problems must be solved before it is possible to realize
the fullest capabilities of a magnetic-core memory utilizing external
selection.

Thesis Supervisor: William K, Linvill
Title: Associate Professor of Electrical Engineering
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CHAPTER 1

INTRODUCT ION

The memory function of a digital computer may be provided by a set
of cores which can be magnetized in one of two possible directions. There

is a correspondence between the identity of the core involved and an address

which locates the core. The state of a core is made to correspond to the
value (ONE or ZERO) of a digit in a number whose address corresponds to the
core. To be useful in a computer, the core must be written into (magnetized)
and read from (sensed) and it must hold (remember) a given state until it
is changed. Since it is necessary to single out one core for a reading or
writing operation, this location of the single core (selection) is an
important problem. The present Whirlwind memory system combines the processes
of selection and memory into one set of cores (one core per bit). The two
processes have conflicting requirements and to divorce the two functions
appears to be profitable. The function of this thesis is to analyze a
scheme in which one set of cores is used for memory, and another set is
used for selection.

In order to fully understand and appreciate the potential advantages
offered by a memory with external selection, it is necessary to discuss
the properties of the coincident current type memory system which is now
in use, and which combines memory and selection in a single core per bit.

A, The Coincident-Current Memory

The operation of the coincident currenmt, two-to-one selection
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system is explained in Figure 1.1 and 1.2%’2

A core will rest in equilibrium either at ¢o (arbitrarily
called a ZERO) or at f (ONE). The point at which a core rests is deter-
mined by its recent history. At the intersection of each X and Y line
(Figure 1.2), there is a magretic core. Both a Z (inhibiting winding
used for writing ZEROs) winding and a sensing winding (used for reading
out of the memory) are threaded through each core.

The "read" operation passes + Im/2 through the selected X and
Y coordinates, exciting the selected core by X + Im’ If the core holds
a ONE, its flux state is reversed, and a large voltage is induced in the
sensing winding. If, on the other hand, the core holds a ZERO, there is
a relatively small change of flux in the core, and little voltage is .
induced, provided that the ratio ¢o/¢m =1 (Figure 1.1). The read opera-
tion is destructive; that is, when reading has been finished, the core
holds a ZERO, regardless of its original contents.

A number of cores lie on either the selected X coordinate or
the selected Y coordinate. These cores are excited by +Im/2 (that is,
they are half selected). At the time of the read operation, the informa-
tion held by these cores is of no interest; furthermore the information
that they hold should not be destroyed. For these reasons, the half-
selected cores should not even be partially switched. As a consequence

(referring to Figure 1,1), the ratio ¢d/¢lmust be close to unity.

+ Numbered references refer to correspondingly numbered references in the

Bibliography.
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FIG, 1.2
A FOUR-BY-ICUR PLANE OF FERROMAGNETIC MEMORY CORES




These, then, are the requirements for a care in the coincident

current magnetic memory - the ratios ¢o/¢m and @ d/ﬁlmuSt each be close to
one., Because of symmetry, ¢1 = -¢°. Therefore, these conditions may be
combined and restated: |¢ d/¢m| must be close to unity if the memory is
to operate (1) with a minimum of output signals from half-selected cores
and from the selected care (if it holds a 2ER0); and (2) with a certainty
that the infarmation is not being destroyed. The ratio | ¢ d/¢m‘ is
called the squareness 1:'a'l','.i.o,3 sl and it is generally somewhat less than
unity.
Writing is accomplished in one of the following manners:
To write a ONE, pass currents of -Im/2 down the chosen X and
Y coordinates,
To write a ZERO, pass currents of - Im/2 down the chosen X and
Y. coordinates, and a current of +I m/2 through the 2
(inhibiting) winding.
Block diagrams of operation of a memory may be found in the
memorandum "Description of Memory Test Setup V1 .“5
'1“he core performs two functions in the coincident-current
magnetic memory just described: primarily it stores information, but its
rectangular hysteresis loop also provides the nonlinearity which is re-
quired for selection - that is, discrimination between excitations of
Im/2 and Im' Because the core must be used for selection, it must have
a rectangular hysteresis loop with |¢d/¢m' = 1, and the magnitudes of
the switching currents are severely limited because Im/2 must not even

partially switch a core,
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For a given switching core, the change of flux is independent
of the switching time,"l’ s> and the voltage induced in the sendging winding
is inversely proportional to 'T’,: Thus, shortening"f increases the output
voltage and also increases the speed of the memory. It has been found L
that t is inversely proportional to the net exciting current (the net
current is I . =i - _I_m and HmtﬂJ = Sw’ a constant of the core material).
The total exciting currgn't may not under any circumstances exceed Im
because of the coincident-current restrictions., This, of course, immediately
imposes an upper limit to the switching speed of the cores.

There are two methods that can be used to descrease s e One
is to decrease Sw’ This is eséentially a problem of trying to improve
the magnetic materials of which the cores are made. It has been found
that Sw of metals is generally lower than that of the ferrites. But the
coercive force of the metals is considerably lower than that of the ferrites,
and so the metals switch more slowly than the ferrites, under the restric-

tions of the coincident-current memory. A second method is to increase

H

et ® For coincident current operation this requires a material with very

high coercive force.

B. The Memory With External Selection

A system that does not use the memory cores for selection would
avoid the restrictions on exciting current, which could be made very large,
thereby significantly reducing the switching time, and it would reduce the
rectangularity requirements on the hysteresis loops of the cores to some
extent. Such systems have been proposed independently by J. Raffe16 and

Dr. R, Slut.z7. The system that will be considered in this report is the



one introduced by the farmer,

In this memory system, switch cores A and B (Figure 3.l1) are
used for selection. Memory core M is used solély for the retention of
information., This system requires three cores for each bit of informa-
tion as compared to one core in the present memory,

The princiﬁal characteristics that are essential are nonlinearity
in the switch cores and remanence in the memory core.

Consider the operation of the 9-core (3x3) memory plane flanked
by two 9-core switch planes (Figure 1.3).

The cores of Switch Plane A are for the read operation, and the
cores of Switch Plane B are for writing. The Z-winding (Figure 1.3a)

. carries the bias current Iz. in plane A, and IZhl in plane B,

The read operation sends currents }_12 (= . Iya) along the
selected X and Y coordinates. The selected swgtch core in the A plane
is switched from 2 o b0 2 ke +* Ia - I‘ (Figure 3.2). When the excitation
of lines X and Y is removed, switch core A reverts to 2 a® The output of
core A (Figure 1.4) is coupled to the memory core, M, and the information
is read out; at the completion of the read cycle, the selected memoxry
core holds a ONE,

If a ONE is to be written no further excitation is necessary
and switch core B is not excited during the write cycle.

If a ZERO is to be written, I_in (= P be) is passed along
the selected X and Y coordinates in switgh plane B, The output of core

. B (Figure 1.5), produces first a negative and then a positive pulse. The
negative pulse merely moves core M (which is already in the ONE position)

A 0 G R B 3 P SRR S A s A ot R e 5 0
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towards saturation. The positive pulse switches the memory core to the
ZERO state, and leaves it there.

The advantages that may be derived from the memory unit just

described are listed below:

1. Speed. The switch cores are not required to retain informa-
tion. Thus, it is permissible to bias these cores, and
drive them very heavily when they are fully selected. They
will switch rapidly and their output voltages will be large.
The large voltages are used to drive the memory cores, and
consequently, the memory cores are also rapidly switched.
Complete read and write cycles were finished successfully
in less than 0.5 miérosecond.

2. Large Signals. The high switching speeds discussed above
lead directly to the fact that the output voltages are very
large. Because of this, the problem of amplifying the
signals is greatly simplified. ONES were generally greater
than two volts high, when a standard memory core was used
as the storage element.

3. Low Noise Leyels. The memory system using external selection
cascades two nonlinear elements., The noise outputs that
result from partially selected switch cores are found to
be extremely small compared to full select outputs., The
ratio of a fully selected ONE to a half selected output is
considerably larger in the system using external selection

than is the same ratio in the coincident current memory .
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They were several hundred to ones The ONE to ZERO ratios

were about the same in the two systems == about 20 or 30 to 1.
Relaxation of Requirements on Core Characteristics. The

core; are not as critical in a system using external selec-
tion as they are in the coincident current scheme. The
essential characteristics are a nonlinear switch core, and

a memory core with remanence.

No Destruction of Informmation. The noise outputs from
partially selected switch cores are extremely small, and

so there should be no tendency to destroy information

stored in the memory corese.

The memory using external selection has several drawbacks, some

of which may be extremely serious. All of the disadvantages are listed

here:
1.

2.

3e

Three cores are required per bit of information. The co=-
incident current memory system uses only one core per bite.
Construction Difficulties. The coincident current memory
is 1gid out in a very simple plane (Figure 1.2)e¢ It is not
possible to construct the memory using three cores in this
manner; the difficulty may be appreciated by imagining an
attempt to build the memory as shown in Figure 1.3 Other
methodo of putting the memory together must be conceivede.
The Driving Probleme Large driving currents are required,
and these currents must rise very rapidly so that the cores

are not switched during the current rise timee The induce
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tance of partially selected switch cores, plus the inductance
of the driving lines, plus the back voltages of fully
selected switch cores present a load that will make it very
difficult for the source output to rise rapidly to a large
value of current. There are several ways in which te reduce
the magnitude of this problem. The memory should not be
large. A small sized memory will lower the inductance that
must be driven. The switch cores should be as small as
possible (memory core size) in order to reduce the back
voltage induced in a switched core.

Memory Core Size. If, as indicated atove, the switch cores
are to be of standard memory core size, then the memory
cores must be far smaller than the standard memory core.
The reason is that it has been found that the switch core
must be five or six times larger than the memory core in
order to successfully operate the three core memory. It

is not possible to make cores physically smaller than the
standard memory core size, and so some other method of
reducing the memory core must be introduced. It should be
noted that none of the problems just discussed have been
successfully solved yet.

Core Heating. The memory should be driven heavily and a

possible result is that the cores will overheat, and their

characteristics deteriorate.




The purpose of this thesis is to analyze, test, and evaluate
the memory system just described.

Chapter 2 gives an analysis of the switch and memory cores to
be used in the three-core-per-bit memory. The characteristics of these
cores are approximated by linearized equivalent circuits which greatly aid
the solution of some problems encountered in the memory unit,

Chapter 3 shows a detailed account of the characteristics of
the cell comprised of thé“switch cores and the loop of wire coupling them
to the memory core. The results expected from the linearized memory unit
are given graphically and algebraically for various operating conditions.
Finally, the experimental results obtained using various combinations of
parameters in the memory unit are described. Chapter L gives the con-
clusions and the difficulties that may be expected in attempting to put
the results of Chapter 3 to use in a practical system.

The appendices contain the derivations of some of the equations
encountered in the body of the thesis. One appendix is devoted to a
description of the high speed core driver that was developed in order to

carry out the tests performed.



CHAPTER 2

THE NATURE OF THE SWITCH AND MEMORY CORES

The characteristics of the cores needed for both of the memory
systems described in Chapter 1 will be discussed in this chapter.

The properties of the switch cores to be used in the memory with
external selection are presented in Section A. Section B contains a
discussion of the memory core, and an algebraic solution of the coincident
current memory core outputs. In Chapter 3, these results will be
compared to a similar set of equations derived for the memory unit using
three cores per bite.

A. The Switch Core

Much of the material to be presented here concerning the switch
6,8

core has been known for some time. A brief summary of these results
and a method of regarding the switch core which leads to an easy analysis
of the three-core memory will be given.

The ideal switch core has the magnetization curve shown in
Fige 2.1. A more realistic approximation is shown in Fig. 2.2. The
hysteresis loops of the actual switch cores used for this thesis are
shown in Fig. 2.3. It is noted that the pictures shown in Fig. 2.2 and
2.3 are essentially the same. The ideal core differs from the actual
cores in two immediately evident manners;s (1) the actual core has a
hysteresis loop, and (2) the real cores do not saturate as well as the
ideal core does.

The first difference is of little or no consequence here. The

operation of the switch core is not greatly impaired by the fact that it

has a finite coercive force.
-13-
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The second difference, however, is of no little importance. The
manner in which these cores are operated requires that flux changes in
the saturated region be as small as possible.

l. Operation of the Switch Core

It is possible to build a plane of switch cores. .At first glance,
it might appear as though the switch plane of Fig. 2.4 and the memory plane
of Fige 1.2 are the same. This is not the case, for there are two differences;
(1) the operation of the switch plane is not at all like the operation of
the memory plane because of the fact that the switch plane serves a
different function, and (2) the sense winding must be removed, for each
core has its own load, and each load is driven individually; the switch
core is not seleqted and switched in order to determine its information
content, but rather, this operation is carried out in order that the core
output may do some worke. Thus, a switch core plane is as shown in Fig. 2.l.

In the memory matrix, discussed in Chapter 1, the 2 winding was
used only when it was desired to write a ZERO into the selected core.

The current passed through this "inhibit"™ winding was utilized in preventing
a selected core from switching.

In the switch matrix (Fig. 2.Lh), however, the Z winding is not
necessarily an inhibiting winding, but is always used for the purpose of
biasing. (Actually, in switch planes which require inhibition there may
be two Z-windings if it is desired to isolate the inhibition (which may
or may not be applied) and the bias (which is always applied during the
operating cycle).) There are two switch planes required for each digit
in the three-core-per-bit memory, which is £o be discussed. One plane

does not require inhibiting pulses and the other does. Both, of course,
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require bias. The bias should consist of a steady direct current. During
the course of this work, pulsed d.c. was used for bias because of the
equipment available at Lincoln Laboratories. The operation of the memory
unit is unaffected by the nature of the bias currents.

The core whose operation is to be described has the MRealistic
Magnetization Curve™ of Fig. 2.2, Bias is applied to all éores in the

plane by means of the Z winding and it is I, amp-turns. The X and Y

Z
coordinate of the selected core are excited with E%g g.IX k. IY) amp-turns.
The net driving mmf applied to the selected core is Iin - IZ; a number of

cores are partially selected and the excitation that they receive is

Iin - IZ; the remainder of the cores are unexcited and they only receive
the bias current, IZ.

The excitation experienced by the selected core must exceed the

coercive force, and so

Iin = Iz>Ig (2.1)

The excitation driving the partially selected cores must not

exceed the coercive force, and so

Lin = Iz = I (2.2)
e

In Chapter I, it was noted that when a core switches,
Hogt V" & (2.3)
where H . is the mmf corresponding (in the case under discussion) to a
driving current of Iin X IZ i IC (the amount of current by which the
coercive force is exceeded),/ is the switching time and Sw is a constant

of the material.

As has been pointed out before, in order to switch a core of a

given material as rapidly as possible, it is necessary to raise Hnet.
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Assume, for convenience, that equation (2.2) is satisfied by
the equal sign. Then the net current through a selected core is E%#LJ
and the larger this current is, the faster the core will switch. Although
it is true that the most favorable operation, as regards speed, is obtained
by employing driving currents as large as possible and adjusting the bias
so that equation (2.2) is satisfied, there is a practical difficulty
encountered. The core drivers have finite rise times. If the driving
current is made excessively large, the result is that the core switches
during the rise of the current pulse. The remainder of the current is
wasteds This result will be observed in Fig. 2.15 and 2.16, in which the
peak open circuit output voltages of several switch cores are plotted as
functions of the driving current. This point is discussed in Section A.2c¢
of Chapter 2.

It must also be noted that there is a noise output received
from half-selected cores. The greaterlfég is, the greater the noise
flux, @n (Fig. 2.2) is. The relative increase in @s is slight. The out-
puts of the partially selected cores could conceivably become large enough
to do the‘job that only a fully selected core should do and this is un-
desirable. The conclusions that must be drawn, then, are that the allow-
able amount of excitation of the cores is limited by the rise time of the
drivers, and by the desire to keep the noise outputs low.

2. Analysis of Switch Core Operation

A single switch core is shown in Fig. 2.5, The X, Y and Z
windings each have Ny turns (X and Y are shown as one winding) and the

output winding (secondary) has N, turns.
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The hysteresis loop of this core is shown in Fig. 2.6. It is
essentially the same as that of Fig. 2.2, but the variables have been
changed.

ae. The Half Selected Switch Core

When the switch core is only half selected, it is

E}; - IZS, and it is not switched. The operating

path is along a straight line in the 7 - 1§plane, and this corresponds

driven from NlIZ to N

to a linear inductance. (In an actual case, the departure from linearity
is not great; Hughes8 has shown that for the core used in his work that

the relative change in inductance in going from N. i = O to saturation

1
is less than a ratio of 2:1.) An equivalent circuit is drawn in Fig. 2.7.
The parameters are derived in Appendix A.

The rise time of the current output of the core driver
that was developed for this thesis (Appendix B) is independent of the
current amplitude. It is also found that this current rises from zero in
very nearly linear fashion. These two facts are vefy useful in the

analysis of the partially selected core because the voltage induced in an

inductor is,

di
. ok
L a® (2.La)

In the light of the aforementioned current character-

istics, equation (2.L) becomes,

W60 RN T
el oo - TR s (2.Lb)

Equation (2.4b) is extremely useful as it stands, for L/T is a constant.
This constant may be abbreviated by allowing L/T to equal RHS' It is to
be understood that RHS is EQE a resistor. The symbbl,was chosen because

the volt-ampere characteristic of a half-selected switch core is linear.
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Although it is a fallacy, it is convenient to think of RHS as a pulsed
resistance (that is, a resistor whose value is a function of time, but is
not dependent upon the driving current). The usefulness of this assumption
will be brought out later in this chapter, and also in Chapter 3.

Thus, the relationship between the real constants,
L and T, and the Fictitions constant, RHS’ is

L
Rs = 7 (2.5)

The net result of these maneuvers is that the equivalent
circuit of Fig. 2.7 (which is valid for all time, provided that the core
is never fully selected), may be replaced by the circuit shown in Fig. 2.8.
The new equivalent circuit (Fig. 2.8) is valid only during the rise and
fall of the input currents, and is useful only for obtaining the peak out-
put voltages. However, it turns out that the only item of interest is: :
the peak output voltage. Thus, Fig. 2.8 satisfies the present need.

Half-selected switch core output voltages and the
corresponding driving currents are shown in Fig. 2.9, for the switch
consisting of 1D26L, of the material 11DCL - 2 - 720H2L-l. The results
are tabulated in Table I, for cores of various materials and sizes, and

they are plotted in Fig. 2.1k, 2.15, 2.16 and 2.17.
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TABLE I

Peak Open Circuit Half Selected Switch Core Output Voltage
(bias = 9.5 amp.turns)

Driving Current : 11 pCL - 2 - 720 H2L-1 DCL-3-LL
(ampere turns) 1D26k 3F395 6F395 6F397
3.5 0.2k - 0622 0.43 0.k
L5 0.37 0.3 0.5L 0.5
5.5 0.53 0.L4 0.78 0.7
6.5 0.76 0.6 1.0 0.9
7.8 0.99 0.9 1.6 1.1
8.5 1.35 1.2 1.9 1.5

Peak Resistance

of Open Circuit,
Half Selected o8 s 0.2 0.21

Switch Core

be The Fully Selected Switch Core

It has been pointed out that the relationship between
the net field strength, H oot and the switching time of the core,‘T’, is

Hpet 7 = (2.6)
where Sw is a constant of the core material. d
The core that is to be discussed is shown in Fig. 2.5
and its hysteresis loop is drawn in Fig. 2.6« If the core saturates
reasonably well, the flux switched ¢;, when the core is fully selected
is virtually independent of the driving current. The shape of the
voltage output pulse is generally independent of the driving current
(provided that it is driven hard enough); it somewhat resembles a half

sine wave. The expected output voltage waves, plotted against time,



.

for various driving currents are shown in Fig. 2.10. Fige. 2.1l shows
the actual output pulses of a 11DCL~-2-720H21-l, size 1DR6L switch core.
The results are tabulated in Table II, for this and other cores, and are

plotted in Figs. 2.1k, 2.15, 2.16, and 2.17

TABLE II

Peak Open Circuit, Fully Selected, Switch Core OQutput Voltage
(bias = 9.5 amp. turns)

o kel T N R Br3o7

10 1.5 3.k

11 - S 3.3 6.0

12 3.6 L3 8.0 2.2
13 5.2 6.0 10.L 3.k
1 6.9 7.6 12.2 L.5
15 8.4 8.6 13.8 5.6
16 9.3 9.2 .2 6.1
17 10.4 10.0 15.2 75

Peak Resistance

of Open Circuit,
Fully Selected 1.3 1.5 2.2 1.1
Switch Core

The area under each voltage time curve must equal the

switches flux, ¢s' This requires that the product

V:ut T = ag (2.7)

where a 1is a constant of proportionately, and Vou is the peak output

t

voltage.
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Furthermore, H__. (= H drive - H coercive) is directly
proportional to the net current, I net (= I drive - I coercive), driving
the core. The equation used to relate H and i is

H,o.huli
3 (2.8)

- . b & OOD.- I.Dl
in which N1 is the number of primary turns on the core and d I-(57577T7D.)

where O«D. is the outside diameter of the core, and I.D. is its inside
diameter.

If equations (2.7) and(2.8) are substituted into
equation (2.6), the result is

v . = kNN, g

out i —
o cha g
—t BN (I, -1, - I,)
d sw

=z Ny N, (I, - I, -1,)

(2.9)

The constant z has the dimension ohms per turns squared.
It is a property of the core; it is independent of the manner in which the
core is used (so long as the core is switched) and of the number of turns

wrapped on the core.

Equation (2.9) expresses the linear relationship between

the peak open circuit secondary voltage, V

bt and the drive current, I

in’
when the core is switched.

If this output of the core of Fig. 2.5 is short-circuited,
then the net ampere turns through it, when switching, must be NlIC'

This requires that

N (T - Ip) - NI, = NI,

3
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or
Rt Ml Nl Y,

(2.10)
where 12 is the short circuit current flowing in the secondary. Thevinin's
Theorem may be applied to equation (2.9) and (2.10) to leading to the
output impedance of the core,

v 2

zout = ‘out = N,z (2.11)
2

The leakage inductances appear in this equivalent circuit
in the same way that they appeared in the equivalent circuit of the half-
selected core. (See Appendix A and Fig. 2.7). The equivalent circuit
of the fully selected éwitch core is shown in Fig. 2.12.

c. The Combined Switch Core Characteristics

The similarity between the Revised Equivalent Circuit
of Half Selected Switch Core (Fig. 2.8) and the Equivalent Circuit of
Fully Selected Switch Core (Fig. 2.12) is evident.

If a current source drive is assumed, the leakage
inductance LL1, may be neglected. The equivalent circuits can then be
redrawn as in Fig. 2.13.

The data of Tables I and II are plotted, and the graphs
of Fig. 2.1l, 2.15, 2.16, and 2.17 are the results.

The departures from linearity of these curves at large
driving currents are not properties of the cores, but are due to the core
drivers. When the driving currents are exceedingly large, the cores
switch during the current rise times. Because it is quite difficult to
determine what the actual current exciting the core is, during switching,

the easiest way out was taken - the driving current was assumed to be the
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final value of the current output. The result is that the actual excitation
of the core, during switching, is somewhat less than what is indicated.
The broken line indicates what the expected curves should look like.

Figure 2.23 idealizes the above results and gives a
piece-wise linear characteristic which ;an be dealt with analytically
for the purpose of performing computations in order to predict the operation
of the three core per bit memory unit.

Figure 2.18 illustrates the fact that the open circuit
switch core outputs are independent of the length of time that the core
sets in one state, provided that the core is allowed to complete its
switching in one direction before it is switched back.

Be The Memory Core

The idealized memory core has the hysteresis loop shown in Fig. 2.19.
Figure 2.20 shows a more realistic core loop. Figures 2.3b and 2.3c show
the loop of the memory core actually used in this thesis investigation.
The operating characteristics of the memory core are essentially
the same as those of the switch cores. The equivalent circuits for the
memory core are the same as those for the switch core (Fige. 2.7 or
Fige 2.8 for the Half Selected Core, and Fig. 2.12 for the Fully
Selected Core). The difference in operation results from the fact that
a memory core is not permitted any bias and so, IZ = 0. The result is
that Ic' of Fig. 2.12 is merely Ic of the core in question. Figure 2.21
shows output voltages obtained when the memory held ONEs and was driven
by various currents. (It is to be noted that a bias was applied to the

core in order to determine information concerning the core in the

partially selected state. The core was driven as if it were a switch
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DRIVING EXCITATION
(AMPERE=TURNS)

8.5

7.5

6.5

5.5

L.5

3.5

VOLTAGE
OUTPUT
(vorrs)

0.L7

0.39

0.30

0.23

0.16

0.10
0.30v/CM

0.1 uSEC/cM
FIG. 2.21a

OPEN CIRCUIT QUTPUT OF HALF-SELECTED MEMORY CORE

(11DCL~2-720H2L~1 SIZE 1F395) OPERATED AS A SWITCH CORE FOR VARIOUS EXCITATIONS

BIAS = 9.5 ANP-TURNS. SIZE OF SECOND PULSE IS RECORDED
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DRIVING EXCITATION VOLTAGE

(AMPERE=-TURNS) OUTPUT
(voLTs)

17.0 3.1

15.0 2.3

NEREEEE

3.7
13.0 y %
1200 005
11.0 DOES NOT
SWTTCH 2v/on
0.1 uSEC/CM
FIG. 2.21b

OPEN CIRCUIT OUTPUT OF FULLY SELECTED MEMORY CORE

(11pCL-2-720H21~1, SIZE 1F395) OPERATED AS SWITCH CORE FOR VARIOUS EXCITATIONS.
BIAS = 9,5 AMP-TURNS, SIZE OF FIRST PULSE IS RECORDED
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core). This data is presented in Table III, and plotted in Fig. 2.22.

Figure 2.2l shows the linearized characteristic with the bias removed.

No data was taken for the operation of the memory core holding a ZERO in

these tests. 1In line with the other linearized assumptions made, it is

assumed that the volt-ampere characteristic of a memory core holding a

ZERO is merely a continuation of the half-selected characteristice.

Driving Current
(ampere turns)

TABLE III

Peak Open Circuit Memory Core Output Voltage
(operated as Switeh Core) bias = 9.5 amp-turns
11 DCL - 2 - 720 H2L-1

1F395
Half Selects
3.5 0.10
Li.5 0.16
5'5 0023
6.5 0.30
75 0.39
8.5 0.47
Peak Resistance of
Open Circuit, Half 0,074
Selected Memory Cores
Full Selects
(core holds ONE)
12 0.5
13 1.2
1k 1.7
15 2.3
16 2.5
17 361
Peak Resistance of
Open Circuit, Fully
Selected Memory Cores 052 %

(for ONE)
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The selection ratio (R) is defined as the excitation applied to a

selected core divided by the maximum excitation applied to any unselected

9

core. Re S. DiNolfo” has shown that if an n dimensional selection

schéme is employed, that

- . h+l
Tmax ~ P B (2.12)

The smaller the p of the core is (i.e. - the poorer the core is,
Fige 2.20), the larger the selection ratio must be. But, Rmax is
limited by the number of dimensions used.

The coincident-current memory has a two-dimensional read (X and Y)
and a three-dimensional write (X, Y, and Z). In order to obtain symme-
trical operation, it is necessary to employ the same excitations during
the read and write operations, and so the system is used as if it were
three~-dimensional. Thus, Rmax = 2, and Pmin = 1/2. As has been pointed
out in Chapter 1, this fact limits the allowable excitation applied to
the core.

A large amount of information can be obtained from Fig. 2.2L4. The
maximum half-select current in the coincident-current memory scheme
is Ic. The result is that the maximum full-select current is 2Ic'
Utilizing Fig. 2.2L and the computations in Appendix C, the following
results are obtained:

Vv - e . e T8
out palf-select Rrvte (2.13)

vout ZERO ¥ RHMIC (2.1}4)
vout ONE (RHM o RFM)Ic (2.15)
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It is necessary that the ONE to ZERO, and ONE to half-select ratios

be as large as possible. These ratios are:

vout'. ONE I.LHI{ + RFH RFM
T = = =1/2(1 + "FM)
out ZERO R
=1/2(1 + u),
(2.16)
and

Yout _onE . Rine + Py .7 Egg .3 v
')

M

out
half-select (2.17)

The factor u is the ratio of the incremental full selected memory
core peak resistance to the incremental half selected peak resistance.
It is desirable to use cores in which # is as large as possible. In
order to obtain maximum diserimination between wanted and umwanted signals.
The outputs of 50 MTC memory cores (General Ceramics S-1, Lot E-85)
driven with coincident current excitation are shown in Fig. 2.25. This
picture shows the size of ONEs compared to ZERO and half selects.

The sizes of the outputs are tabulated below.

TABIE IV
Voltage Output From Voltage Qutput Ratio of ONE
50 Cores Per Core to —

ONE T.0 0.140

ZERO 0.26 0.0052 44

Half Select

ONE 0.2k 0.00L8 29

Half Select 0.12 0.002L c8

ZERO




1e5v/CM
FULL SELECT AND
HALF SELECT ONES
AND ZEROS SUPERIMPOSED
045 pSEC/CM
0+2v/CM
HALF SELECT ONE AND ZERO
AND FULL SELECT ZERO
SUPERIMPOSED
& Oe5 PSEC/CM
FULL SELECT ONE = 7,0 VOLTS
FULL SELECT ZERO = 0,26 VOLTS
HALF SELECT ONE = 0.2l; VOLTS
HALF SELECT ZERO = 0,12 VOLTS
FIG. 2425

VOLTAGE OUTPUTS FROM COINCIDENT CURRENT TYPE SELECTION.
50 GENERAL CERAMICS MEMORY CORES NO BIAS
HALF SELECT EXCITATION = 0,10 AMP-TURNS
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The complete cycle is not shown, but it requires about 6 microseconds
to completely read and write. About 1 microsecond is require to switch
the core completely.

A one-dimensional read and write would remove all restrictions on
the allowable drive.and would, incidentally, eliminate partial select
noises. The necessary core characteristics could be relatively slack —
p could approach zero. The operating speed could be made extremely rapid,
limited merely by how hard the selected cores were driven. The factor
4 introduced would be of no interest.

In its essence, the threecore-per-bit memory unit desecribed in
Chapter 3 is a one-dimensional memory. Actually, it does not quite
achieve this mark because of noise outputs from partially selected switch

cores.
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CHAPTER 3

THE THREE-CCRE-PER-BIT MEMORY

The memory unit utilizing two switch cores a1 d one memory core per
bit of information that has been proposed by J. Raffe16 will be discussed
in this chapter.

The cores employed are those described in Chapter 2. The basic,
simplified, memory unit is shown in Fig. 3.1l. The current pictured
driving switch core & (Ijn a) is actually composed of the X and Yy
drives superimposed on the bias. The current driving core B (Iin b)
consists of the Xy and Yy, and bias excitations; in addition an inhibit pulse

may or may not be applied.

A, The Operation of the Cycle |

The operation of the system may be explained by referring -to the
hysteresis loops of the cores (Fig. 3.2) and to the pulse sequences
(Fige 3.3). ;

At the beginning of the cycle the only current flowing through
core A is the bias, I,,, and the core is at the point za on its hyster-
esis loop (Fig. 3.2). At the time t, Ix, and Iy, are applied, and the
result is that core A switches from Z, to Z; + X3 + Y5, The output vol-
tage of this core induces a large pulse of current in 1.00p A and core M
is driven to point X on its hysteresis loop. When the current pulse dies
away, core M rests at the ZERO point. If the memory core had originally
held a ZERO, its voltage output would have been relatively small because
of the small flux change. However, if the core previously held a ONE,

a large output would be induced on its sense winding. This difference

in core outputs provides a ready means for determining the origind state
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of the core.

At the time tp, Ix, and Iyg are removed, and core A reverts to
point Z; on its loop. This induces a current in loop A which drags the
memory core to point ﬁ on its loop, and the memory core eventually set~
tles at point ONE. At the conclusion of the read operation, the memory
core is found to repose in the ONE position, regardless of its original
information content.

The purpose of the second switch core, B, is to write the required
information into the memory core. If it is desired to write a ZERO, it
is apparent that core B must be used to move memory core M from the ONE
state. On the other hand, the simplest way of writing a ONE, is to pre-
vent this action of core B.

At the beginning of the write cycle only the bias current, Iz-bl, is

passed through core B, When a ONE is to be written, an inhibit pulse,
IZb2 is added to IZb1° At time t), IXp and Iyp are turned on, but be-
cause of the inhibiting current, core B is not switched. Little or no
current flows through loop B, with the result that there is little or no
disturbance of core M.~ At ts""‘I;n a = Ixp * Iyp is removed returning
core B to point Zy1+Z%5 on th; magnetization curve. At tgs the cycle is
completed with the return to Zp3, It is to be noted that during the
write ONE cycle, core B is merely moved back and forth between

Zp ¥t Xp¥Ty and Zp)+2,3. It does not switch. If the noise output
from the core is low enough; then the effect on core M is negligible and
it is left in the ONE state. It is also important to realize that the
inhibiting pulse must start before Iy and Iy} are turned on and must

stay on until after Ixy and Iyy are turned off. If this condition is
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not observed, core B will be switched.
A ZERO is written by omitting the inhibit pulse. In this case,
the application of Iy, and Iyy, at t), switches core B from Zy to

Zy1¥X,*Y,. The resulting current induced in loop B drives core M from
ONE to ﬁ and when this current subsides, M returns to point ONE, This
first pulse out of core B does not really have any effect on core M, pro-

vided that the second pulse out of core A has done its job. At tg, Iz

and Iy, are removed and core B returns to point Z,;. Its output during
this time switches core M up to point°< s and when all of the currents

have decayed to ZERO, core M is left at point ZERO.,

B. The Nature of the Coupling Loop

In Chapter 2, the switch and memory cores were described. The re-
maining basic component of the memory system under investigation is the
loop of wire coupling the memory and switch cores.

This wire is mainly inductive, having extremely low resistance.
However, when the loop is driven by a core that is switching, it has
been found that the loop current rises rapidly and falls slowly. The
reasons for this behavior are fairly straightforward. During the loop
current rise time, the switch core is a resistance (it varies with time,
it is true, but it still is an element which dissipates energy). If an
effective value of this resistance is assumed to be Riises then the lin-

earized time constant is Ty in which Rrise is re-

ise = Inogp rise/ Brise
latively large. After the core has switched, the loop current beginé to
decay, but in the process of decaying, there is no tendency to switch

either core. The result is that there is no large resistance placed in
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loops the cores merely appear to be inductive., The only resistance in
the loop (Rpgy7) then, is the incidental loss in the wire, and this is
small. It is found, then, that
Tea11 = Lloop £a11> Trise’ (3.1)
Rfa1l

In order to insure proper operation of the memory, it is essential
that the current in a loop dies out before a current pulse is sent through
the loop in the opposite direction. The result is that the memory may be
slowed considerably if the loop current is not able to decay rapidly.
The current decay can be speeded by increasing Rpa11s @d this is ac-
complished by placing a resistor in the coupling loop. If the resistor
(henceforth called the loop resistance, Rloop) is increased (to about one

ohm), the effect on the current rise time, T is small because of the

rise
large core resistance already in the circuit, but the decay is speeded
greatly. Fig. 3.l shows the loop currents for the same drive but for
different values of loop resistance. Unfortunately, it is not possible
to show the loop current when there is no loop resistance, but the first
derivative of this current can be shown (by looking across a section of
the loop wire, which has little resistance and is essentially inductive).
In or&er to complete the picture, the derivatives of the loop currents
are shown for the cases in which Ry, # 0, also.

The pictures of the loop currents and the known values of loop

resistance allow the calculation of Teall in each case, and from this,

the loop inductance during the fall time may be computed,
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LOOP RESISTANCE VOLTAGE ACROSS VOLTAGE XCROSS
OHMS LOOP RESISTANCE PORTION OF LOOP
INDUCTIVE
0
i
o

Ly /oM 1v/CM

0405 pSEC/CM 0405 pSEC/CM

FIGe 3ol

LOOP CURRENTS, AND FIRST TIME DERIVATIVE OF LOOP CURRENTS.
FOR VARIOUS LOOP RESISTANCE VALUES 11DCLe2-720HZL-1 SIZE 1D26l
SWITCH CORE DRIVING DUMMY CORE
BIAS = 9,5 AMP-TURNS; EXCITATION = 17.0 AMP-TURNS



TABLE V

Calculation of Lloop

R1o Time Required to fall =
op ime Reguire al Trall Ino o L,
(olms)  from full current to g Y~ Calstnnl
1/3 current (microseconds) o
1 0.10 0.0909 0.09
2 0.06 0.0545 0.11

It has been stated that is it necessary to wait for the first
current pulse from a switch to have died away before switching the core
a second time, in order to insure proper operation of the memory. The
reasons for this will now be demonstrated. If sufficient time is
allowed to elapse between the switching of the cores, then the current
pulses in the various loops will look like those shown in Fig.3.5. If
it is desired to write a ONE in the core, the cycle excludes the pulses
from loop B. The first pulse in loop A has completely disappeared by
the time the second pulse is applied and so the write operation should
be successful. When a ZERO is to be written, the currents shown for
loop B are also applied and as these do not interfere with each other,
the write operation should be successful in this case, 4l so.

If Byoyp 1S too small to do its job properly, or if an attempt
is made to run the memory too rapidly, a situation such as that pictured
in Fig. 3.6 may occur. When attempting to write a ONE, the first pulse
in loop A cycle carries the memory core to the ZERO position; the second
pulse may not be large emough to pull the memory core o the ONE po-
sition when added to the excitation from core A which has not died out

yets Similarly if 2.ZERO is to be placed in the memory core, the first

L
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LARGE ENOUGH TO END THE CURRENTS
BEFORE THE SECOND PULSES ARE APPLIED

- LOOP B

LR e
CURRENT PULSES IN LOOPS A anup B, WHEN
THE LOOP RESISTANCES EMPLOYED ARE
NOT LARGE ENOUGH TO END THE CURRENTS
BEFORE THE SECOND PULSES ARE APPLIED
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current pulse in loop B will carry the core to the ONE position, but
the second pulse may not be able to drag the core to the ZERO position.
It would seem reasonable then, that when an attempt is made to write a
ONE under these conditions, a ZERO is actually written; and vice versa.
It has been found experimentally, in every case, that if the cycle time
is made too short, it has become difficult to store ZEROs. These results
are demonstrated in Table VII. It is possible, therefore, that with
this type of operation the core may be in some peculiar position on the
hysteresis loop. For instance, refer ring to the hystefesis loop shown
in Fig. 3.7, when attempting to write a ONE, the first pulse circu-
lating in loop A drives the memory core to point 1 on the loop. By the
time the second pulse is applied to loop A, the excitation has decayed
to point 2 on the loop. The second pulse succeeds only in carrying the
core only as far as point 3. The core finally settles at point L.
This represents a ONE, but will lead to a low output when read out. In
the same way a ZERO could be made to reside at some point just positive
on the flux axis rather than at the normal ZERO position.

An important fact that has not been discussed concerning the
nature of the loop is that it is very much dependent upon the geometry
of the loop. Thus, if a different wiring scheme were employed, the
nature of the loop would probably be considerably dl tered; but this
fact does not change the basic results drastically. No matter what
the winding geometry is, some loop resistance will always be required
to speed up the fall of the loop current and thereby, the operating
speed of the memory. |

It is desirable to determine the nature of the pulsed impedance of

the loop, in order to determine whether it is much larger, much smaller
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or approximately the same as the pulsed impedance of the cores. In
Chapter 2, the open circuit volt-ampere characteristics of various
switch cores were"i;ound. This data gave the peak resistance of the
cores in question. The reading may be repeated with the loop shunting
the switch core. The memory core must be in place in order that the
loop shape and size be correct, but it is not desired to have the
memory core affect the data to be recorded. This problem is solved by
winding a "dummy®" memory core - one which is the same size as an or-
dinary core but which is non-magnetic. The result is that the loop,
and only the loop, shunts the switch core. The nature of the loop
may then be determined by comparing the open circuit characteristics
of the cores, to the shunted characteristics. The photographs of
Fig. 3.8 show the volt-ampere characteristics, for various driving
currents, of the 1D26L switch core paralleled by the coupling loop
(Ryoop = 1 otm). (Only full selects are recorded.)

The data for several cores is presented in Table VI, and this

data is plotted graphically in Fig. 3.9.
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DRIVING EXCITATION VOLTAGE

(AMPERE-TURNS) OUTPUT
FIRST PULSE
(vorTs)
_— - -
_— - -
I
‘ 13.0 2.6
l/cH
0.1 uSEC/CM
FIG. 3.8

FULLY SELECTED OUTPUT VOLTAGES FOR VARIOUS EXCITING CURRENTS
OF 11DCL=2-720H21~-1, SIZE 1D26l SWITCH CORE
PARALLELED BY THE COUPLING LOOP AND DUMMY CORE

(R LOOP = 1 OHM) BIAS = 9,5 AMP-TURNS
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TABLE VI

Peak Switch Core Output Voltages for Various Driving Currents when
Shunted by Coupling Loop

Driving Current Peak Switch Core Output Voltages
(Ampere Turns) 11DCL - 2 - 720H2L - 1 DCL~-3-kly

1D26 1D26) 1D26h  3F395  6F395  6F397

B oop=0- RIoop=:l""L B oop~2n- R1eo;;>=]"“'9‘.|_<>op=:L"'Rloc:lp'‘-.,-]' oy

11 1.8 1.9 2.4 0.36

12 2.0 2.6 2.6 3.9 1.4

13 2.1 2.6 3.3 3.6 L.8 &2

1k 3.2 3.7 h.6 L9 6.8 2.8
1 15 L.O Loy 6.0 6.0 8.1 3.6

16 502 5.8 6eT 6.8 9.1 holy |
17 17 509 60)4 Te3 708 908 503 |

Peak Resistance of

Core and Loop in 0. 98 0. 88 0. 97 0. 99 1. 25 0. 81
Parrallel in ohms

(Full Selected)

Peak Resistance of

Core open Circuited 1.3 1.3 1.3 1.5 2.2 . 6
in olms (Full Selec-

ted)

e

i Sitad v SRR T R 2
The results geven in Table VI demonstrate that the pulsed im-
pedance of the coupling loop is approximately 3 ohlms. Table V shows
that the loop inductance is about 0.1 microhenries. The loop current
rise time is 0.5 microsecond - this corresponds to a fundamen’_c.al
frequency of 5 mega&i:?l.es. The expected loop impedance is, therefore,

27x5x106x0,1x1076 =113 ohms. The results obtained are observed to

support each other,
66w
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C. An Analytical Approach to the Problem

Chapter 2 attempted to point out the fact that ferromagnetic cores
may be ‘.represented, approximately, by piece-wise linear volt-ampere
characteristics (see Figs. 2.23 and 2.2L). The results shown in section
B of this chapter demonstrate that the nature of the loops coupling the
switch cores to the memory core are essentially linear impedances.

Two methods of attacking this problem of the behavior of the memory
unit may be employed - one is graphical and the other is algebraic. The
advantage of the graphical method is that it is valid even if the charac-
teristics of the elements are not linear. Answers may be obtained
graphically no matter what the elements look like; all that is required
is that the nature of the elements be known. The advantage of the
algebraic attack is that a set of equations may be written that covers
the operation of any set of loops and cores. All ‘that is necessary to
solve a particular problem is to substituté the data obtained by testing
the various parts of the memory unit into these equations. The algebraic
method may be used to detérmine what the ratios amongst the various
parameters must be in order to obtain the best operation. The dis-
advantage encountered in using algebra, is that the equations become
cumbersome in the absence of simplyfying assumptions; and if the element
characteristics are not piece-wise linear, the problem becomes too
canplicated to warrant any attempted solution.

In setting the problem up for solution, use is made of the circuit
of Fig. 3.1, and of the core equivalent circuits of Figs. 2.13. The
impedan ce elements, R, and Ly, are merely included in the loop impe-
dances as are the primary leakage inductances of the memory core. The

complete loop impedance is lumped together and is called zloq). zlocp
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is not to be confused with Rloop’ which is the resistance added to the
loop in order to speed the operation of the memory. It should also be
noted that each loop has one turn, as does the sensing winding. The
driving lines (which carry I, and I,) have five turns each. Use is
made of these facts in simplifying the equivalent circuit shown in

Fig. 3.10. Another simplification is the fact the core impeda ces
include biases and coercive forces. Thus, parallel current drivers
are omitted. The currents I, and I, include only the X and Y currents
exciting the switches. The volt-ampere characteristics of the switches
are shown in Fig. 2.23; that of the memory core is shown in Fig. 2.2k.
These elements cannot really be thought of as resistors in the usual
sense, because of the piece-wise linear characteristic they exhibit.
The loop impedance, .zlocp is assumed to be linear.

If the pulse sequences are considered, it is seen that the first

pulse delivered by core A and acting on core B through the memory are in

the direction that tends to drive core B further into saturation; the
second pulse out of A tries to switech B. Similarly, the first pulse
out of B tends to drive A toward saturation and the second pulse tries
to switch A,

Reading is accamplished during the first pulse from A, and this
is the time at which measurements of ONE to ZERO ratios, and ONE to
half-select ratios are made. Thus, it can be seen during the read
operation, core B appears as a linear inductance (meaning that it has
no break point) in the light of the approximations that have been made
concerning the operation of the cores.

(1) The Graphical Solution (Including the Loading of Loop B)

The problem that is to be solved in this section is the one of
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. prediciing the sizes of ONEs, ZEROs, and half-selected outputs graphi-
-C8lly:" .The loading of loop B and switch core B upon the memory core
is taken into account in this solution. The equivalent circuit is shown
in Fig. 3.10. The volt~-ampere characteristics of the loop impedances
Z]A and ZlB) are linear. The volt-ampere characteristics of the switch
aﬁd memory cores are shown in Figs. 2.23 and 2.2i. The symbols used are

defined here:

SA = volt-ampere characteristic of Switch core A3
SB = Volt-ampere characteristic of Switch core B;
= volt-ampere characteristic of the loop; and

L
M = volt-ampere characteristic of the memory core.

Fig. 3.11 shows the transfer characteristic (Output voltage
. versus input current) when the memory core holds a ONE. This curve is \
laebelled output. Fig. 3.12 gives the transfer characteristic (Jutput)
when the memory core holds a ZERO.
The method used in constructing these curves is outlined in
Appendix E.
It is observed that, in general, the input and output character-
istics of the memory unit have two break points each -- one occurs when switch |
core A switches, and the other when the mexﬁory core switches. If the
memory' core holds a ZERO, "the input and output curves have only one

break which occurs when core A switches.

2. The Graphical Solution (Omitting the Loading of Loop B)

The constructions presented in Figs. 3.1l and 3.12 have been
‘ complicated by taking the loading of loop B and core B upon the memory core

into account. A great simplification in the work may be realized by
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neglecting loop B. It has been found that the partially selected mem-
ory core has an incremental resistance that is less than 0.1 ohms. The
3 ohm loading of loop B in this case is negligible. The fully selected
memory core is about 0.5 ohms. If the shunting 3 ohms is forgotten,
the error is about 15 per cent. This error certainly will not invali-
date the results obtained.

Fig. 3.13 illustrates the transfer characteristic of the unit
(labelled output) when the memory core holds a ONE. When the memory
core holds a ZERO, the transfer characteristic is shown in Fig. 3.1bh.

Thése constructions follow the same principies describedvin
Appendix E, but they are simpler because of the omission of loop B.

It is notgdlthat in the operation illustrated in Figs. 3.1l and
3.13 that the switch core switches at a lower driving current than is
required to switch the memory core. It is possible, by choosing ele-
ments of the proper size, ts cause the memory core to switch at a lower
current than that at which core A is switched. In either case the abso-
lute maximum allowable half-select current is that which just tends to
switcﬁ the most eésily disturbed core. The reasoning behind this state-
ment is apparenf.

Suppose that core A is the first core to be switched (Mode A)
and the excitation with which it is disturbed is enough to switch it,
but is too small to switch the memory core. When the half-select cur-
rent is removed, only bias is applied to core A and the result is that
A is vigorously switched back to its origipai condition, and it‘drags
the memory core with it. This, of course, destroys the information

content of the memory. In Mode B, the memory core tends to switch first,
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and the half-select excitation must not be large enough to read out of
an unselected core. It is readily observed that this condition limits
how heavily the cores may be driven. It is obvious that the larger the
bias applied to a switch core is, the harder it may.be driven on half
selects. But the output ’voltage of a half-selected core has been found
%0 be virtually proportional to the half-selecting current. If this
voltage il allowed to become large enough to select an unwanted memory
core, then operation has failed. The conclusion is that the coercive
force of the memory core is a major factor in limiting the amount of
drive that the switch core may be subjected to.

A problem encountered concerns the time at which Core B should
be excited. Should the excitation of B begin at the same time that the
excitation of core A ends (as pictures in Figs. 3.5 and 3.6), or should
the driving of B be held back until the effects of core A on the memory
core have been extinguished by losses (as indicated in Figs. 3.3)?
Either method has its disadvantages.

An investigation of each driving method must be made qualitatively
Quantitative analysis of the problem will be given later, when the pro-
blem is solved algebraically (section C3 of this chapter and Appendix
D).

If the excitation of B begins coincidentally with the end of
A's excitation, then the last pulse from A and the first pulse from B
drive the memory core simultaneously, (Fig. 3.5). The result is that
the memory is hit very hard at this +time and consequently it lwit;:hes
rapidly. Furthermore, operation is speeded by the fact that there is

no waiting period between read and write cyecles. Unfortuantely, if this
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operation is employed, the cores may not be driven very heavily, for
one must take into account the result of half-selected noises.
If the half-selected noise currents sent out by cores A and

B are each I a) then: when A is disturbed, a current of I is

nois noise
driven through loop A; when A is unselected and B is disturbed, the

total current exciting wre memory core is 2I (it tends to place a

noise
ONE in the memory core); and when B is unselected the current in loop
B is again Inoise' It is assumed, here, that the current drives behave

in the same manner when they fall as when they rise.
The weak link in the system is the center pulse. The half-
select excitations of cores A and B must not be allowed to be so large

that 2I

woise exceeds the coercive force of the memory core. This im-

mediately eliminates the possibility of operating in Mode B (memory
core switches before switch core does). The reason is that the maximum
half-select output current of a single switch core is one-half the coer-
cive force of the memory core. If the operation is in Mode B, then by
definition, the half-select input current must be somewhat less than
ohe-half the gffective coercive force (including bias) of the switch
core. This operat.ion is demonstrated in Fig. 3.15. In that event, a
fully selected switch core does not switch (and the memory core just
manages to switch). This operation is intolerable for the switch cores
must switch if the memory unit is operated correctly.

The characteristics shown in Figs. 3.1l and 3.13 are Mode A.
When the unit is half-selected the memory core is less than half-selected,
and so it may successfully be operated when the last pulse from core A

coincides with the first pulse from core B, even though the switches are
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driven as heav:l.iy as possible. In fact, the switches could be driven
harder and safely in that case. However, it should be realized that the
setup shown in those figures is not nearly the best possible.

If core B is required to wait for the excitations caused by
core A to die out before it is excited, excitations may be doubled.
In this case, there is no time when two noise currents add to double
unwanted excitations.

The best type of operation is that under which both the switch
and memory cores just begin to switch simultaneously for a given value
of input current to the cell (Fig. 3.16). This is considered to be optimum

because the ONE to ZERO, and ONE to noise ratios should be the largest that ca
be obtained using the given cores. The reason is that there are not
' three states but only two. The state that has been eliminated is the

one in which one core switches and the other does not. This state con-
tributes little to the outimt voltage of a fully selected ONE, but it
uses up driving current.

The difficulty encountered in this operation is the fact that
the cycle time is slowed down by the necessity of waiting for the cur-

rent in loop A to have decayed before the write cycle can commence.

3. The Algebraic Solution (Omitting Loading of Loop B)

The algebraic solution of the problem merely consists of writ-
ing the piece-wise linear equations of the graphs shown in Figs, 3.13
(when M holds a ONE) and 3.14 (when M holds a ZERO). The derivation
of these equations is tedious and is presented in Appendix D.
‘ Two symbols -- p and G are introduced in Appendix D. These

are defined by equations (D.72) and (D.73) which are repeated below.

R SRR L < TR oR. 1o W el
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_ ™
= M (3.2)
o= % (3.3)

These constants have been found to be about 10 each. The re-
sults of Appendix D may be stated in terms of these constants. It is
found for the memory system using external selection, that the ONE to
ZERO ratio is approximately u, and the ONE to half-select ratio is ap-
proximately p o~

It was found (Chépter 2) that in a coiﬁcid.ent current memory
system, the ratio of ONE to ZERO is sbout u/2, and the ONE to half-select
ratio is about e

This data demonstrates that when the memory system using three
cores is compared to the coincident memory, the ONE-to-ZERO ratio is
better by a factor of 2, and the ONE-to-half-select ratio is better by

a factor of o~ (or about 10).

L. The Experimental Set-Up

All of the experimental data were taken from a one bit memory,
consisting merely of two switch cores and one memory core. The equip-
ment used in driving the memory unit is shown schematically in Fig.
3.17 (it is somewhat simplified; all logically unnecessary units having
been removed). Fig. 3.18 is a photograph of the equipment racks used,
and Fig. 3.19 shows th_e front and back views of the memory unit. The
cores are mounted on the plug-in units.

The logical arrangement of Fig. 3.17 may be explained as

L

follows: The core driver outputs labelled "a" are used to drive core A,
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