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FOREWORD 

The random-access memory is an important element of a 

high-speed digital computero This memory must be capable of operating 

at high speeds with long-time reliability, and should be compact and 

of low cost. The coincident-current magnetic memory has been proposed 

as a possible device which has these qualifications. It was one of 

the original purposes of this thesis research to prove experiment-

ally the feasibility of a coincident-current memory of useful size. 

Since the distribu~ion of the thesis report is limited and since the 

information it contains is of interest to the computer field,. it is 

being issued as a Digital Computer Laboratory R-series reporto 

Although one of the features of this type of memory is the 

straightforward method by which the storage units are selected, there 

remai~s the switching problem associated with the selection and driv-

ing of its coordinate linese Early in the research, the magnetic-

matrix switch was developed as a solution to this problem, and the 

thesis was broadened to include the proving of the practicability of 

using such a switch for selecting and driving the coordinate wires 

of a large coincident-current memory arraYe 

The author is grateful to Iro Robert Everett who super-

vised the thesis work, and to the staff members, technicians t drafts­

men, and secretaries of the Mo 10 To Digita2 Computer Laboratbry for 

their invaluable aid during the research and preparation of the thesis , . 

l> 
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ABSTRACT 

A MAGNETIC MATRIX SWITCH Arm ITS INCORPORATION INTO A 
COINCIDENT-CUERENT r,/EMORY 

by KENNETH H. OLSEN 

Submitted to the Department of Electrical Engineering on 
May 16, 1952 in partial fulfillment of the requirements 
for the degree of Master of Science in Electrical Engineering 

A multi-position switch, capable of handling pulses shorter 

than one microsecond, can be made from magnetic cores o Windings 

on the magnetic cores, when matrix-connected,il control selection of 

the switch output. These windings can be excited with either di-

rect current or pulses o This switch is capable of transw~tting power 

effiCiently, and the magnetic cores from which it is made are in-

expensive and rugged" and promise reliability and long lifeo 

rrwo such mvitches pulse the 16 coordinate rows and the 

16 coordinate columns of a coincident=cl~rent magnetic-core memory. 

The complete cycle-time of the memory, including the switch set-up 

time, reading of information, and re-writing of information, is less 

than 4 microseconds o 

DeSign of the magnetic~natrix ~Nitch is facilitated by an 

equivalent-circuit tec~niqueo 

Thesis ,supervisor: Robert Rc Everett, 
Associate Director of the Digital 

Computer Laboratory 
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CHAPTER I INTRODUCTION 

'rhe magnetic-matrix switch is a multiposition selection 

switch" It can distribute energy to anyone of a number of posi­

tions in the same sense that a mechanical rotary switch can dis­

tribute energy to many positionso The selection in this magnetic 

switch is, however, electrically controlled in that the selected 

position is determined by the presence of current at certain inputs 

to the switch 0 

The Saturable-Core Transformer as a Simple Switch 

'rhe basic building block of the magnetic-matrix switch is 

the saturable-core transformer" Although much of the effort devoted 

to the study of this transformer has been concerned with its use in 

magnetic amplifiers J there are many applications for this device as 

a switch" Before its use in the magnetic matrix switch is presented,9 

the operation of the saturable transformer will be considered" 

The circuit schematic in figure 1-1 shows a simplified 

saturable-core transformer" With zero current in the control winding 

(that is, with the control circuit open) this device acts as a simple 

transformer" It operates about the zero=current point on the flux= 

current curve where every change in the primary current (ShOIVTI as 

the vertical sine wave) produces a significant change in flux and thus 

a voltage across the secondaryo However, when the control circuit is 

closed,9 as in figure 1-2, and a biasing current flows in the control 

winding, the operating point is displaced to the flat portion of the 
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flux-current curve where there is little change in flux for changes in 

pri~ry currento 

Operating under these conditions of zero or full current in 

the control winding, makes the transformer, in effecta a simple single­

pole, single-throw switcho This switch has three very useful charac­

teristics o First, it has the impedance-matching characteristics of a 

transformer 0 Second, it is in effect a power amplifier, since a little 

energy in the control winding can control a large amount of energy in 

the outputo Third, an unlimited number of control windings can be . 

put on the coreo Current in anyone of the windings saturates the 

core; current in more than one only saturates it further o 

Application of the Transformer in the Magnetic-Matrix Switch 

The magnetic-matrix switch is a multi-position switch con­

sisting of a number of these saturable-core transformers - one for 

each output of the switch o Figure I-5 shows a four-position switcho 

It consists of four of the transformers just discussedo All their 

primaries are connected in series to a common driving source and their 

secondaries are the outputs of the matrix switcho The control windings 

are connected in a binary scheme to double-throw mechanical switches 

in such a way thata for each combination of switch positions~ one and 

only one of the cores is not saturated or cut offo The secondary of 

this core is the selected output of the switch o 

For example, if all the mechanical switches were in the ONE 

position~ as they are in the figure,. every core, except number three, 
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would have current in at least one of its control w:indings" Since 

number three is the only core free to act as a transformer, it alone 

passes on the signal from its primary to its secondary" Likewise g 

any core could be selected by setting up its equivalent binary number 

in the mechanical switches" The setting ONE ZERO selects terminal 

twos for example .. 

It should be noted that n of these mechanical switches can 

control the selecting in a zn position magne~ic-matrix switchg three 

mechanical switches can control an 8-position matrix switch; fOUl"g 

a 16-position switch, and five~ a 52-position switCho Mechanical 

switches are shown here for clarity" In electronic circuits)1 flip­

flops would be used in place of mechanical switches" 

Eigh:Wosition Switch 

Figure I-4 is an eigJrt-position switch.. Here the bizl.a:ry' 

scheme in the control windings can be seen more clearly" it.. binary 

number set up in the mechanical switches selects the equivalent 

fDlSbered. output... For example,\) ONE, ZERO, ONE selects terminal fiveo 

An Alternate Switch 

The switch can take a number of configurations.. One which 

should be mentioned el:im:inates the need for a separate driving winding 

or primary on each core.. This is done by using one of the sets of 

contro1 windings for the combined operations of selecting and drivingo 

Figure 1-5 is an eight-position switch using this alternate schemeo 
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The driving windings have been removed and the position and sense of 

the first set of control windings reversedo Now the other control 

windings will saturate all but two cores, and this first set will 

select between the two and drive only the selected oneo It can be 

seen that the setting ZERO i ONE, ONE still selects terminal number 50 

The extra winding is eliminated at the expense of having to switch 

current from the driving source o 

Demonstration Model 

Figure I-6 is a photograph of an eight-position demonstra-

tion model of the magnetic-matrix switch.. The eight cor~s are 

Deltamax ribbon wound in plastic caseso Their primaries are driven 

from a SOOO-cycle sine-Wave source.. The control windings are 

selected by the toggle switches ~a.nd are driven from two dry cellso A 

lampbulb at each secondary glows when its associated core is selected. 

The toggle switches and the outputs are labeled so that the 

awi tch is a binary-to-octal decoder.. A binary number set up in the 

toggle swi~hes Will select the corresponding octal number in the 

output. 

On this model, the open-circuit voltage of the non-selected 

outputs is better than 40 db below that of the selected output. This 

excellent selected-to-nonselected ratio is due to the very low perms-

ability of Deltamax when it is saturated. 

In this model, and in the discussion up to this point, matrix 

switches driven by sine waves were used to demonstrate the principle of 
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operation 0 There are many uses for the magnetic-matrix switch when 

driven from a sine...owave source o In those applications where the 

mechanical motion of a relay limits its speed or reliability, this 

switch might be usedo For example, it could be used to decode paper 

tape and drive an electric typewriter directlyo 

Application to Pulse Circuits 

The magnetic-matrix switch is particuL3.rly adaptable for 

use in pulse circuitso In this use, it is desirable that there be 

no output from the switch when the current in the control windings is 

changed 0 This makes desirable a core with a flux-current characteris-

tic different from that in figure 1-10 In the latter, there is a 

\ .. 
large change in nux, and so an output as current is changed in the 

control windings 0 Curve B of figure 1-7 shows the general shape of 

the flux-current curve desiredo One can see that the current, as-I, 

is varied negatively from zero· to saturation, there is little change 

in nux o 

Figure 1-7 illustrates the pulsed operation of an unsaturated 

saturable-core transformer 0 Curve A is the current applied to the 

primary.. At first there is no change in flux as the current increases, 

until the knee of curve B is reachedo Then flux increases with current 

until the core saturates o The flux stays at the saturation level as 

the current continues to increase and remains there even after the cur-

rent is removed, as shown in the plot of nux in curve Co When the 

pulse of current of opposite polarity is applied, the operation is 

( 
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reversed and the flux is returned to its original direction o The 

voltage across the windings is in proportion to the derivative of 

flux with respect to time o A flux curve like that of C will produce 

the vol.tage shown in D across a winding of N turns .. 

It should be noted that9 after a single unidirectional 

pulse, a core with this characteristic will have' its residual flux 

reversed and it will have to be returned to its original condition 

before it can be pulsed again in the same directiono 

Materials Presently Available 

The flux-current curve just discussed was idealized but 

a number of core materials are now available with this general type 

of flux-current characteristic that can be operated at pulse speedso 

The new rectangular-loop ferrites are of particular interest for 

pulse circuits because of the ease with which they can be made to 

change direction of flux in less than one microsecondo The switch 

and memory discussed in this report are made with cores of this fer­

rite material o The metallic cores, such as Deltamax and Me-Permalloy, 

have somewhat more rectangular loops, but eddy-current losses become 

significant when they are switched rapidly. 

The cores are usually in the form of toroids or rings to 

keep the flux path short and to eliminate airgaps" li\fhereas the 

ferrites are a ceramic, molded and fired as a solid ring9 metallic 

cores are usually in the form of thin ribbon would on plastic or 

porcelain bobbinso Both the ferrites and the metallic cores are 

available in a large variety of sizes down to diameters less than that 

of a pencil .. 
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CHAPTER II MATRIX SWITCH DESIGN CONSIDERATIONS 

This research is concerned with the design: of a switch to 

drive a. coincident-current memory 0 However, many of the design 

considerations will be valid for other applications of the switch o 

In driving the memory, the ffWitch is required to distribute rec­

tangular pulses of current of about one and one-half amperes in 

amplitude and less than one microsecond in 1engtho Only ferrite core 

materials have been considered because loss in the metallic cores is 

high when they-are switched at these speedso 

Flux-Gurrent Characteristics 

Three representations of the flux-current characteristic' 

of a core that. can be readily obtained experimentally are illustrated 

in figure 11-10 The first and most common is the hysteresis loop 

where flux is plotted versus currento This configuration can be ob­

tained by plotting on the X axis of an oscilloscope a varying cur­

rent that is applied to a primary winding on the sample being testedo 

The voltage across a secondary winding is integrated and plotted on 

the Y axis of the scope 0 For small samples !I a very-high-gain ampli­

fier is needed in this scheme and the requirements on the amplifier 

are very stringent because any phase shift or hum pickup distorts the 

plot seriouslyo It is particularly difficult to keep the closing of 

the loop at the correct place (distance 4 in figure 11-3 0 ) 
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The second flux-current characteristic representation is a 

plot of ~ versus Io Here the output of the secondary is plotted 

directly versus the current in the primaryo The high-gain amplifier 

of the previous scheme is not needed because the signal is not at-

tenuated by an integratoro In this presentation, it is possible to 

observe characteristics not readily observed in the + versus I plote 

For example, in figure II-1 it can be seen from the ~ versus I 

plot that the steep part of the ~I characteristic consists of three 

distinct slopes, but this is difficult to observe in 4-I plote This 

second scheme necessitates a current source that changes linearly 

with time so that the amplitude scale of ~ will be uniformo 

The source of current used in the plots in figure II-1 was the 

SO-cycle power line and so 

The third scheme 

the scale of ~ 
dt 

plots ~;~ versus 

is not uniformo 

currente The output of 

the sample is differentiated and plotted versus currento In this 

plot, all the important inflexions in the ~I curve are very clearly 

presented & This scheme has the disadvantages of the previous two 

schemes in that a high-gain amplifier is again necessary to make up 

for the loss in signal through the differentia tor and a linear cur-

rent source should be used to make the vertical scale uniformo 

In this researchg the + versus I plot was used because it 

did not need a linear current generator, but the sample could be 

driven from the SO-cycle power lineo Figure II-2 shows the flux-

current plot of several ferrite materials available at the time of 
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this reporto The numbers in parentheses are the die numbers.. Cores 

from die 262 are approximately an eighth of an inch thick with an OoDo 

and IoDo of roughly one=fourth and one=eighthof an inch respectively; 

the dimensions of cores from die 259 are approximately half those 

from the 262 die o The shrinkage during firing varies with the ma­

terial used, and so cores from the same die may have different di­

mensions o The apparatus used to obtain these plots is described in 

Appendix 110 The flux-current curves were taken at low frequency so 

that they could be assumed to be approximately the static charac­

teristics& Curves taken at high frequency are difficult to interpret 

and are often ambiguous o 

Desirable Flux-Current Characteristics 

Several characteristics that are desirable in a switch 

core are illustrated in figure II .... oo One of the most important 

characteristics is that the slope between paints 1 and 2 be negligible 

so that there will be little change in flux when current in the 

primary or control windings moves the operating point of the core be­

tween points 1 and 20 

Low coercive force, distance 3 in figure 11-3$ is desirable 

to keep down the number of ampere-turns needed to drive the core and 

to keep down the energy dissipated in the core" The energy dissipated 

in one quasi-static traversal of the flux=current loop is equal to 

the area of the loop, and so is roughly proportional to the coercive 

force .. 
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Distance 4 in figure 1I-3 is the current necessary to bring the 

core from point 7 to point 10 It is usually necessary to have a core 

start from the same residual point)/) e og O)/) point 1 ~ whether it just 

traversed the loop or whether it came from saturation (point 2)0 It 

is desirable to keep this current low so that large tubes are not 

needed to drive the coreo 

High residual flux (distance 5) is in general desirable 

because greater voltage is obtained per turn in the secondaryo 

Much of the effort spent on rectangular-loop ferrites has 

been toward developing cores for use in the coincident-current 

memory where it is necessary that the flux-current curve be flat 

from point 2 to beyond point 1, and that it then sharply rise to 

point 6~ The ideal switch core is somewhat different as illustrated 

in figure 1I-40 Here flux rises immediately after point 1.. The 

MF ll31 core shown in figure 1I-2 is one of the first to be produced 

for the switch,. The ot...ners were made for the memorYe 

Compensating for Non-Rectangular Loops 

Some of the non-rectangular ferrite materials have the 

desirable characteristics of low coercive force and high permeability", 

Some experimenting has been done with cores of these materials as 

saturable transformers, using additional cores to compensate for the 

non-rectangUlar it yo 

Figure 1I-6 is a schematic of the compensating scheme used .. 

Core B is the saturable transformer used. as the switch element" 

while cores A and C are the compensating elements that cancel the un­

wanted output produced in B when it is supposed to be cut offo The 
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three cores have identical flux-current characteristics, as in 

figure II-5 0 When core B is biased to point 4 of this figure, it 

is desired that there be no change in flux when the primary is driveno 

However, when it is driven, the core moves to point 5 and there is a 

change in flux. But core A which has been at point 1 is driven also, 

and it moves to point 5 and produces an opposite change ~n flux 

which subtracts from that in core Bo Core A also subtracts from 

core B when core B is not to be cut off and is driven from point 1 

to point 2, but the fraction subtracted in this case is smallo 

An unwanted change in flux is also produced as current in 

its control winding is changed and core B moves along points 1, 5, 

4, and 50 Core C also moves along with B and subtracts an identical 

change in flux from the output of Bo 

Although this scheme has made it possible to use non ... 

rectangular material in the switch, it has been rejected because of 

its complexityo In high-speed circuits, it is important to keep the 

inductance and capacities of the windings low, but this is very dif­

ficult to do with the extra cores and windingso 

Unsymmetrical Flux-Current Loops 

The switch cores usually start on the saturation ~I loop 

because they are saturated while being cut-offo However, they are 

not necessarily driven to saturation in the other directiono For 

example, the core in figure II-5 may start at point 1, but instead 

of going all the way to point 6, it might stop in region 8 when the 
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current· is removed eo When the core is Cb:"iven in the other directiong 

it will traverse a completely different path .. 

When the rise in current is limited by the external circuitry:!) 

this situation can be simulated by superimposing a d~ component on 

the alternating C:UI"T'ent being used to pl.ot a ~I characteristic. .. 

Figure 11-'7 and figure 11-8 are fami15.8s of ~1 loops biased with 

direct eurrent o It can be seen in these plots that the slope of the 

upper nat portion o£ the curve is less when the core is driven all 

the way to saturation than when it is nato 0DeJ effect of this slope ~ 

observed when the core is pulsed 9 is that the negative over=shoot 

after the pulse is in proportion to the slope .. 

Core Geometry and Material 

The flux=current characteristic of a core is a function of 

the geometry of the core and the magnetic characteristics of the 

mat.erial from which it is made.o At the present ti_:!) it is difficult 

to design a ferrite core by using the charaet.eriatics of a material. 

as observed in another core be~use the characteristics of ferrite 

material seem to be dependent upon the geometry of the die in whiCh 

the cores are formed.e Design is further complicated by the fact tha:ti 

the characteristics of the material are not uniform across a section 

of a core" Ho-wever lJ the general characteristics of a core and cer ... 

tain limitations in these characteristics can be found by consider~ 

tion of the effeet of geometry on a core using an idealized, uniform 

material characteristic.. It is possibl.e to show a simple relation­

ship between the geometry and material characteristics on the most 
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pertinent point~ of the flux-eurrent characteristic of soore .. 

The magnetic characteri~tics of a material are given 'in the. 

form of B-H curve:! where B, the flux den~ity, i!!I plotted ver!!usH, the 

magnetic intem'!lity.. In a toroidal core of high permeabilit~ ,the H 

within the core may be considerec:l :!ymmetrieal about the center of the 

core even if the windings do not patHI through the center.. lthen tht. 

ae~umption is made, H at any point .in the oore is equal to the ampere-

turneof the winding diTided by the cireumference of the core at that 

pOint.. When H ie determined at all pointe in the core, B oan be found 

from the B-H curve co To find the total flux in the core s the B 1. 

integrated. acroes the cross-sectional area of the core.. In general, 

this is a difficult procedure because the B-H curve is multivalued, 

but in the matrix 9itoh;9 we are usually interested in only the 

saturation B-H curTe .. 

If we consider the toroid in figur.,II-9, which is made of 

material with the ideali~ed B-H characteristic shown, several pertinent 

fact! about the eaturation flux-ourrent curve are readily obeerve<io The 

lower saturation values of B and flux have been arbitrarily defined as 

being zero in the curves shown here.. If the B of all the material in the 

toroid il initially at z~r09 the flux is also at zero o As current is 

increased from zero, flu first starts to change when H .t the inside 

radius TI , of the core reaches the Talue HA.. Thie fixe3 the value of 

L to&,!rnHlwhttre Nl is the number of turns on the Winding .. 
~ 11 
The last change of flux occur. when He at the outside radiUS, rZ, 

reaches the Talue H B" This fixesIB to 2TC'!'2.J!a.. .. All the 
11 
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I material will have changed in flux density" a quantity B"..:... The 

total change in flux is B' times the cross-sectional area of the 

coree 

An Equivalent Circuit of a Saturable-Core Transformer 

An equivalent circuit will be presented that has been 

found useful in approximating the design of a switch and giving 

direction to the "cut and t ':"yU deve1opmento In its present form, 

the equivalent circuit does not take into account the eddy-curr~nt 

losses or other time-dependent losses within the core, but in the 

ferrites these are not large at the speeds used in this worko 

Leakage inductance and stray capacitances are also assumed to be 

negligible 0 

When the f1ux-current characteristic of a core can be 

approximated by the simplified curve of figure II-10, the equiva-

lent circuit of the core, during the change of flux as ~ is in­

creased from zero, is Simply an inductance, 1m = ~ shunted 
IB-IA' 

by a current source of magnitude lAO Before current reaches IA 

and after it reaches I B, the equivalent is a simple short circuit. 

The equivalent of a vacuum tube that drives the core 

can usually be assumed to be a current source equal to the direct 

current of the tube shunted by a resistor equal to its plate re-

sistance o The equivalent circuit of a tube and core is shown at the 

top of figure II-1L This can be simplified to the simple series 

I,.;-R circuit shown in this figure where Eo':: Ii~IA. 0' When a step 
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of current is applied, the core at first acts as a short circuit and 

the current in the core immediately rises to lAo Then this equivalent 

circuit becomes valid and further current rise is limited to an 

exponential increase by the back voltage of the core_o But when IB 

is reached, the core again becomes 2. short circuit and the current 

increases immediately to Ie as shown in the plots of figure II-llo 

If the core has a secondary loaded by a resistorg an 

idealized equivalent circuit is the inductance, Lm, and current 

source, lA' shunted by an ideal transformer with the same turns ratio 

and followed by the resistor 0 As shown in figure 11-12, this 

equivalent can be simplified by taking out the transformer and rrnllti-

plying the value of the resistor in the secondary by the turns ratio 

squared 0 The current source IA can be removed as before and in-

eluded in Eo' 0 This can be further simplified to the third circuit 

of figure 11-12 by Thevenin~ theoremo The resulting circuit has the 

same response as that of figure 11-110 

This equivalent can be expanded to the case where there is 

inductance in series with the resistor in the secondary ( see figure 

11-13)0 vVhen this is simplified~ a two-loop network results that is 
1 

not difficult to solve ~ but its solution is not easily interpreted 

in terms of the transformer parameterso Because Lm will usually 

1 Superscripts refer to similarly numbered entries in the Bibliographyo 



( -I 
~ 
o 
10 -It) 
I 

C( 

d..: I 

£t.pV/VAL.ENT CI,eCI/IT 

SIMPLIFIEO eqUlVALE'NT 

FVeTI-I€,€ SIHlPLlrl€D 
EqUI VALENT 

FIG.:rr-12 

EQUIVALENT OF CORE 

WITH RESI STOR ACROSS SECONDARY 



CD 
o 
10 -10 

~ 

d. ;/ 
~-----+------~------.-----~ 

, 
o 

A 

EQUIVALENT CIRCUIT 

SIMPLIFIED eqUIVALENT 

CASE I 

R, 

o 

CASE II 

CASE III 

FIG. II -1.3 

EQUIVALENT OF CORE WITH RESISTOR 

AND INDUCTANCE ACROSS SECONDARY 



f 

Report R-2ll Page 54 

be greater than a2L2' the response to this circuit can be divided 

into two cases each involving only a simple L-R circuito When a 

step of current is first applied, Lm can be considered negligible 

as in Case I of figure II-15 0 The 

exponential time oonstant equal to 

current I2 will rise with an 

~- .. -.- After this rise of 
Rl+a ~ .. 

current is well underway, a 2L2 oan be considered negli'gible, and 

case II will be valid. Here I2 will decrease with an exponential 

time L(R"ta2R~) . constant of ~ --- until the core saturates, at which 
~xa ~ 

time 1m will be a short circuit 0 

When 1m becomes a short circuit, a third case becomes 

valid. The current flowing at the time of saturation will decay with 

a third time oonstant equal to a2L2/a2R20 I2 for the con~lete circuit 

will be a combination of the responses of the three cases as illus-

trated in figure II-140 

"Transmission-Iqne Effect" 

'ViIhen several windings are connected in series as in the 

matrix switch, the inductance of the windings and their capacity to 

ground are, in effect, a lumped-parameter transmission line o If 

cere is not taken in the design of the switch, the delay that a step 

of current will suffer in progressing the length of the switch may be 

significant 0 For example, if sixteen windings, each with an inductance 

of only 10 microhenries"and a capacity of only 10 !1licromicrofarads, 

are placed in series, there will be a delay of 0016 microsecond in 

the windings. 

This effect can cause several difficulties in applying the 

matrix switch to a problemo In some applications, such as where 
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the switch is to drive a coincident-current magnetic memory, the delay 

between the outputs of different positions of the switch cannot be 

tolerated.. The reflections produced in the transmission line, may also 

cause spurious effects wit.hin the switch.. A. third factor to be con­

sidered is the loading that the transmission line puts on the control 

windings of the selected transformer in a switcho The control wind­

ings are effectively secondaries which drive transmission lines while 

the transformer is being switchedo 



Report R=211 Page '37 

CHAPTER III A BRIEF DESCRIPTION OF THE COINCIDENT-CURRENT MEMORY 

The application of the magnetic matrix switch to be cons-

sidered in this research and the application for which the switch 

was developed is the driving of a coincident-current memoryo The 

general aspects of the memory have been presented in the literature 
2,5,4,5, 6 

and , and so will not be discussed in detail here o 

The memory is made up of many tiny rectangular-loop 

ferromagnetic cores -- one for each binary digito Figure 111-1 is 

a photograph of the flux-current loop of an actual memory core 0 This 

loop) which is one of the minor hysteresis loops of the core, is 

shown superimnosed on the saturation loop in the corner of this 

photograph. If the resudual flux in the core is in one direction, 

for example, the lower position on this curve, it is defined as 

holding a ONEo If it is in the other direction, it is defined as 

holding a ZE..>tOo To sense or "read" a core it is driven to the 

ZERO position by a positive current pulseo If the core held a ONE, 

the change in flux develops a voltage in a sensing windingo If it 

were already in the ZERO position) no voltage will be developed in 

the sensing windingo 

The selection scheme depends upon the fact that a current 

1m will change the direction of flux but a current of Im/2 will noto 

Figure 111-2 shows how these cores are wiredinto an arrayo To select 

a core in the array, half the current is supplied from the row and 

half trom the columnthat passes through the coreo These add in the 
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selected core and ffWitch the direction of flux, but the current 

from one coordinate alone is not enough to change the flux in the 

non-selected cores" For example, to select core "F"9 Im /2 is 

supplied by line Y2 and 1m /2 by line X3 0 The magnetomotive force 

due to each of these adds at core "F" and the core ffWitches flux 

direction" Cores ftC", ltD",. "Eft 1I and IItIft see only a current of Im /2 

which is not enough to switch the core" 

One of the features of this memory is the straightforward 

method by which the memory units are selected.. There remains, how­

ever, a ffWitching problem involving the selection of one line along 

each coordinate and driving current first in one direction to read 

and then in the other to write" This can be done with a crystal­

matrix switch followed by hard tubes, but the large numbers of 

heavy tubes necessary make tills rather awkward and expensive" To 

drive a two-dimensional array" one would need two crystal-matrix 

switches, one for each coordinate, plus two hard tubes for each 

switch output.. For a 16 x 16 array, this would mean 128 crystal 

diodes and 64 hard tubes c The magnetic matrix ffWitch is a more 

straightforward solution to this problem in that it eliminates the need 

for the large numbers of crystals and hard tubes" 
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CHAPTER IV AN EXPERIMENTAL MEIDRY AND SW1TCH 

In the course of this research, two memory arrays 

with their associated selecting and logical-testing apparatus 

were assembled. On the basis of the experience gained in 

the design and operation of the first array, a second array 

was assembled which eliminated several of the weaknesses 

inherent in the original design. In this report only the 

second array and its test system will be discussed in de­

tail, while the first array will be mentioned only in in­

dicating the reasons for certain design decisions. Photo­

graphs of both arrays are included, with figure IV-l and IV-2 

being those of the first array, and figures- IV-3 and IV-4 

those of the second array. 

Construction of the Memory 

Each of the windings on the memory cores con­

sists of only a single turn (i.eo, one wire passing through 

a core). The coordinate lines of the memory from a grid 

of Wires, as can be seen in the close-up views of the two 

arrays. The sensing winding is run through the array diag­

onally to make the outputs from alternate cores in opposite 

directions so that spurious signals from the cores will tend 

to cancel. In some systems, it is desirable to have a 

Z-axis winding, common to the whole array, which can be used 

to write "ZERO's" into the memory or can be used in one of 

several redundant selection schemes. 
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Figure IV-5 is a schematic representation of a memory array 

without the Z-axis winding. One end of all the coordinate lines is 

grounded so that they will help shield the sensing winding from ex­

ternal fields. There is no direct return between the terminals of 

each switch transformer, but current goes down the one selected co­

ordinate line of the memory and returns through all the others o There 

is less inductance in this multiple return than in a single return 

and construction of the memory is simplifiedo 

The memory with the Z-axis winding shown in figure IV-6 is 

much the same, but the direction of the current in alternate lines is 

reversed so that the Z winding can be n~de continuous o The switch 

terminals here are on opposite sides of the memory to show that the 

current directions are reversed, but it is not necessary to arrange 

the memory in this wayo The senSing winding becomes more complicated 

in this scheme, but the length of the winding is not much greater 

than in the first schemeo Figures IV-7 and IV-8 are photographs of 

arrays corresponding to figures IV-5 and IV-6 0 

Design and Construction of the Switch 

In designing the switch, the equivalent circuit of figure 

11-13 was considered. to represent one of the saturable transformers o 

The inductance of the memory, which is approximately 004 micro­

henries, is represented by 12 and the terminating resistor is repre­

sented by Ro The secondary current is fixed by the characteristics 
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of the cores used in the memoryo It was found, by testing individual 

memory cores~ that a rectangular pulse 105 amperes in amplitude and 

at least 00 7 microseconds in length gave the best ONE-to-ZERO signal 

ratio" The amplitude of the current source was fixed at about 400 

milliamperes because this is the most that can be obtained conveniently 

from receiving type vacuum tubes. ~»the plate resistance of the 

driver tube, is about 3000=0hms lor a 6CD6" 

MF 1131 (262) cores were used because, of those available 

at this time» they have the most nearly ideal $-1 loop for the 

switch application" This can be seen ~om the plots in figure 11-20 

Because the output pulse should be rectangular:;; Lm was made large by 

putting many turns on the prirt:ary () 20 turns of number 36 enameled wire 

was found to be the most that could be put conveniently on a core and 

the winding still be kept uniformo The "transmission line effect" 

was kept to a minimum by bunching the windings so that the interwinding 

capacity is low o The number of secondary turns and the value of the 

terminating resistor were picked so that most of the flux of the core 

is switched during a one microsecond pulse" The terminating resistor 

was adjusted experimentally when the switches were connected to the 

memory" 

The mechanical design of the switch presents a significant 

problem" As ct'm be seen in figure IV=25) the mounting of the saturable­

core transformers is difficult because of the large number of windings 

to be terminated at each transformer o Figure 1V-9 is a cross-section of 
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the second memory showing the details of the final transformer 

mounting., Each core is mounted in a one=inch square of phenolic 

that has ten terminals on ito The leads .from each control winding 

come out on one side of the squares and the secondary leads come 

out :to the terminals on which the transformer is mounted" With this 

scheme, it is possible to mount or to change transformer·s quickly., 

Writing a "ZEROt, in the Memory 

When the memory is driven directly from vacuum tubes, a 

"ZERO" can be written by simply skipping the write operation$ for 

the core is left in the "ZERO" position after reading" ~Vhen the 

matrix switches are used to drive the memory s the write operation 

cannot be skipped because it is necessary to return the switches to 

their original condition before they can be used to read again" 

Two schemes have been used to clear switches without 

writing a "ONE" into the memoryo In the first scheme» one switch 

is cleared before the other so that the currents do not add at the 

selected core., In the second scheme 7J an "inhibiting" current equal 

to the output of one switch but of opposite polarity is applied to 

a "Z" axis winding which passes through every core in t.he a:rr'ay 0 

This ourrent is not enough to disturb the cores in the array but 

when the switches are cleared, it subtracts from the switch currents 

and the selected memory core is not disturbed., The time for a 

write operation is significantly shorter in this latter scheme o 
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Figure IV-lO is a block diagram of a scheme, for clear­

ing the switches alternately when a "ZEROtt is to be left in the 

memory after readingo This is part of a memory test system where 

the content. of a C"ore is read out fI temporarily held in a buffer 

storage flip-flop, and then written back into the same coreo 

The switch driver tubes, which are shown along the top 

of the diagrams are connected to flip-flops so that they drive 

the switch as long as the flip-flops are in the "ONEft position" 

Because the width of the driver gates is very critical, delay lines 

are used to control the length of time that the flip-flops are in 

the "ONE" position" 

The initiating pulse first resets the buffer storage 

flip-flop FF05 and starts the read operation by setting FFOl and 

FF02 in the "ONE" position.. If a "ONE" is read out of the select­

ed core, FF05 is set in the "ONE" position by a pulse from the 

sensing winding" If the core held a "ZERO", there is no pulse and 

FF05 remains in the "ZERO" position .. 

The read operation is terminated by the pulse out of 

delay line DEOl and the pulse out of DE04 starts the write opera­

tion.. If FF05 holds a "ONE", GT02 passes a pulse and sets both 

FF03 and FF04 in the "ONE" position so that both the X and the Y 

switches are driven at the same time.. If 9 however 11 FF05 held a 

"ZEROQ, GTOl passes the pulse and the start of the write Y opera­

tion is .delayed by DE05 until after the write X o~ration is 
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finished 0 Mixer 01 could be eliminated by connecting -the input of 

FF05 directly to the output of DE04, but the slight. delay a: pulse 

suffers going through a gate tube circuit. would make the Y driver 

start later than the X when a "ONE" is bein~ writteno 

Scheme for Writing UZERO" Using a oz." Winding (Figure IV-ll) 

FF04 in the "ZERO" position a.nd sets FFOI in the "ONE" position 

which starts the read operationo If the selected core holds a 

"ONE", the senSing winding will pick up a pulse which, when ampli-

fied, will set the buffer storage flip-flop FF04 in the "ONED posi-

tiono If the memory holds a "ZERO", no pulse is produced and the 

buffer storage stays in the "ZERO" positiono After the delay DE02, 

the gate tube on the "ZEROn side of FF04 is sensedo If the flip-

flop holds a "ZERO", the pulse passes the gate and sets FF05 which 

starts the gate that puts current in the Z axis and keeps a "ONE" 

from being written into the memoryo 

The pulse from DE02 also enters DEOo which compensates 

for the delay in the pulse to the a axiS' suffers. in the gate so 

that the write drivers will not start before the Zdriver o 

Design of Switch Drivers 

In the first memory systems the control windings of the 

switch were driven from a set of heavy triodes whose grids were 

tied directly to the outputs of the selecting flip-flopa... This scheme 
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had two disadvantages: the triodes were con"tilnuously drawing 

several amperes from the power supply, and they were difficult to 

keep cut-off during the positive back-voltage pulse from the switch. 

The final drivers use pentodes to drive the windings so 

that variations in plate voltage will not affect the cut-off volt-

ageo Gate tubes are included in the circuit so that the drivers 

are not drawing current continuously, but only during the switch-

ing operation. 

Figure IV-12 is the circuit schematic of the drivers 

used in the final systemo Grid 3 of the gate tube VI is controlled 

by one of the selection flip-flopso Grid I is normally negative but 

is brought to ground level during the switching operationo If both 

control grids of Fl are positive, the plate is driven negative and 

cuts off the normallyconducting triode V20 VVhen V2 is conducting, 

its plate is at about -50 volts and it keeps the driver tube V3 cut 

off, but when V2 is cut off, its plate goes to ground and V5 con-

ducts and drives the switch o Figure IV-15 shows some waveforms 

illustrating the operation of the driver o 

Block Diagram of Selection Scheme 

In the first memory system, the control windings were 

used only to saturate the transformers in the switch that were to be 

cut off. Besides the control winding, each transformer had two pri-

mary windings - one to drive in each direction. The second memory 

used the control windings for both driving and selection as in the 
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alternate switch discussed in Chapter I and illustrated in Figure I-5 0 

This elimination of two windings on each transformer significantly 

simplified the construction of the switcho 

A block diagram of the driving circuits for one of the six­

teen-position switches is shown in figure IV-14o It consists of 

eight of the thr·'!Je-tube driver circuits discussed in the previous 

section - one for each input to the switch.. At the start of a switch 

operation, the binary number cor1"espond.ing to the pOSition of the 

switch to be selected is 8et up in the selection flip-flops whose in-

puts arc along the bottom of -l,h::; diac;ram" They :'3ele'Jt the iate 

four drivers and hold the) others inoperative" After the flip-flops 

are set, the Itbias pulse tl input is driven positive" In each of the 

last three digits, th~ drivers that are not held inoperative by the 

selectbn flip-flops are made to conducto The currents from these 

drivers are used to saturate all but two cor~s in the switch o Then 

the "read pulse ll input is driven positive which starts one of the 

two drivers of digit 20 0 This driver puts current into the switch 

in the opposite direction and drives one of the two transformers 

which wore not saturated by the bias drivers 0 After the read opera­

tion is complete:l the read pulse and the bias pulse are both ter­

minated .. 

The transformer that was just used to read is the only one 

that must be driven in the write direction because all the others 

have flux already in that directiono This transformer can be driven 
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in the write direction by simply driving current into the whole 

switch 0 In this block diagram only half the switch is driven 

because it is so simple to determine which half of the switch 

this transformer will be ino It will be in series with the driv­

er of digit 23 that was not activated during the read operationo 

Gate tubes VI and VB are connected so that when the write pulse 

is applied to their grids l~ that driver is activated which had 

previously not been activated by V2 or V4 during the read opera­

tiono 

Thes~ drivers were built on one panel which also contains 

a display decoder and a skip circuit to be discussed in the 

later sectionso 

Sensing Amplifiers 

Figure IV-IS is the schematic of the circuit used to 

amplify the output of the senSing winding, which is between a 

half and one volta The step-up transformers at the input are 

arranged with crystal diodes in a full~wave rectifying circuit 

so that regardless of the polarity of the pulses in3 positive 

pulses are applied to the grid of Vlo The tubes VI and V2 

amplify the pulse but their bias is adjustable so that they can 

differentiate against low level pulses such as those that are 

produced when a "ZERO" is read out of the memoryo 

Memory Displa;z: 

Equipment has been incorporated into the testing scheme 
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to display all the "ONE' sn in the memory as spots on an oscil­

loscope physically positioned as corresponding cores on the 

arrayo It is not only convenient to have the contents of the 

memory visible during testing but this makes possible very in­

teresting displayso 

In the scheme used to test the memory, the selecting 

flip-flops are arranged to count so that each core in the array 

is selected in sequence. During the time a core is selected, 

its content is read out, and if it is a nONEn, it is displayed 

on the scope. Just before the next core is selected, the ori­

ginal content of the core is written back ino During the 

period between the read and rewrite operations, the content of 

the core is held in a buffer-storage flip-flopo This flip-flop 

not only holds the information to be written back in the select­

ed core but also unblanks the scope when a "ONE" has been read 

out of a core o Binary-to-analog decoders, one for each co­

ordinate, produce deflection voltages proportional to the binary 

numbers set up in the selecting flip-flops and so displace the 

spots according to the position of the cores in the memory arrayo 

Display Decoders 

Figure VI-lS shows a fouro.digit ladder-type binary-to-analog 

voltage decodero A current source for each digit in the decoder 

feeds one node of the ladder 0 • When a digit is "ZERO", no current 

flows from the source in that digit, but when a. digit holds "ONEn, 

the source feeds a fixed current to the laddero 
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The voltage at the output terminal is proportional to the 

binary number set up in the current sources. (The most signi­

ficant digit is nearest the output.) This can be seen by making 

a Thevenin equivalent cirouit of the decoder with only one source 

on. The equivalent circuit will be found to be that of figure 

JJI-7, rega-rdless of which souroe is on. By superposition, ·the 

equivalent with all sources is that of figure JJI-18. The contri-

bution of each current source to the output voltage is weighted 

according to the significance of its digit. 

The decoders used in this apparatus are driven directly 

from flip-flops whose impedance is low and therefore must be 

taken into account. If we assume the output of a flip-flop is a 

voltage source with a series reSistance, as in figure IV-19, a 

circuit equivalent to Figure IV-16 can be had by increasing the 

shunt resistors in the ladder so that the parallel resistance 

of source impedance and the new shunt resistance equal the or i-

ginal shunt resistance used with ideal current sources. The 

relationships between resista·nces are shown in Figure IV-19. 

The Circuit actually used in the memory system is shown 

in figure IV-20o The precisioa of the decoder is in proportion 

to the precision of the resistors used except in the case of the 

shunt resistor across the output. whiohcan be any value. In 

this decoder the.resistor was left out altogether because 

slightly greater voltage is obtained without it. 
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"Light Gun tt 

A "light gun" is used with the scope display to write 

arbitrary patters of IIONE'sft and "ZEROI sft into the memoryo These 

patterns are used to test the memory and to demonstrate its opera­

tiono The "light gun-- is a tiny photocell connected through an 

amplifier to a gas tube pulse generator as in the schematic of 

figure IV-2lo vr.hen light strikes the photocell, the current pro­

duced is amplified and applied to the pulse generator and a pulse 

is produced at the outputo The pulse generator is held inopera­

tive except when the trigger switch is pushed so that spurious 

light will not produce pulses o 

To write a pattern into the memory, all nONE's" are first 

read in by holding the buffer storage flip-flop in the "ONE" 

position as all the cores in the memory are read and rewritteno 

The system is then put back to normal operation where each core 

is selected in order, its contents read, displayed, and rewritteno 

The light gun is then aL~ed at each spot in the display that is 

to be changed to "ZERO-o When the gun is aimed at a spo"\;., a. 

pulse is produced as the scope is intensified indicating that a. 

"ONE" has been read out of the core corresponding to that spoto 

This pulse sets the buffer storage flip-flop to the "ZERO" 

position so that a n~lO" will be read back into the coreo From 

·then on a "ZERO" will be read out of that core and rewritten 

during each cycle and the spot. will not be intensifiedo . Figure 
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IV-22 is a photograph of the light gun being used to write a pat­

tern into the memory .. 

Complete Block Diagram of Memory System 

Figure IV-23 is the plock diagram of the firull.l memory 

system.. Each read-write operation is initiated by a pulse from 

the multivibrator pulse generator in the lower left-hand corner o 

This normally goes through the adjustable delay DE09 to start 

the sweep on the synchroscope.. The start of the operation is de­

layed by DEOI so that all of the operation can be seen on the 

scope.. The coder is a pulse amplifier that has four individually 

adjustable outputs.. The first output transfers the contents of 

FF14 into FF09 through the gates GT12 and GT13 and after DE10 it 

sets FF14 in the 'tZERon position.. Switch S2 connects directly to 

the output of the coder or to a push-button pulse generator that 

is synchronized by an output of the coder.. From S2 the pulse 

goes through mixer 02 to the first of the selection Flip-Flops, 

FFOI to FFOBo These flip-flops with their associ~ted gate tubes 

are arranged so that they could the pulses from mixer 02.. With 

each count, a new core is selected in the memory, and after 256 

pulses every core in the array has been selectedo 

In each gated driver panel there is a skip circuit 

which consists of a crystal diode tied to one of the outputs of 

each selection flip-flop as in figure IV-14e VVhen a predetermined 

number is set up in the selecting flip-flops controlling a driver 
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panel, the output of the skip circuit rises to groundo In this 

block diagram the skip circuits are connected to the gate tubes 

GT09 and GTIO so that when the predetermined numbers are set up 

in the flip-flops, these gates can pass pulseso If switch S5 is 

closed and if this number is in the flip-flops, the pulse from 

the coder will not only go to the FFOI to be counted, but will 

also go through GT09 and GTIO and after a short delay in DE08, 

it will again to go FFOI to be counted. In this way, one core in 

the memory can be skipped during the cycle to see if it will 

hold its information while the rest of the memory is operated on. 

An output of the coder also goes through DE02 to start 

the read operationo The first step is to set FFIO in the nONE~t 

position whioh starts the bias pulse to the driver panels and so 

sets up current in the control windings of the switches 0 After 

DE05, FF04 is set and the read pulse sent to the driver panels. 

If a nONE" is read out of the memory, a pulse is picked up in 

the sensing winding which is amplified and applied to grid 1 of 

Gate Tube, GTll o Grid 3 is held positive by FFll only during 

the read operation so that noise picked up in the winding any 

other time will not get by this gate o FF14 was originally set in 

the "ZEROft position and it stays there if the selected core con­

tains a "ZERO", but if the core contains a "ONEtt, it is set to 

nONE" by the output of GTllo 

The read operation is terminated by the pulse from DE04 0 
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The write operation can be started immediately or it can be de­

layed by DE05 as decided by the position of switch S4. First 

FFl2 is set which drives the Z axis driver and then FFl3 is set 

and the switches are driven in the 'Write direction. The Z axis 

driver is a gated driver like those on the driver panels.. If a 

"ZERO" is to be left in the memory, the grid. 3 of the gate tube 

in the driver is positive so that current is driven through the 

Z winding during the write operation. When switch 55 is in the 

5 position, the number that was just read out of the core, which 

is held in FFl4, will be written back in. In this mode of opera­

tion, a pattern of "ONE's" and ZERO's" will stay stationary in 

the memory. With 55 in the M position, the content of the pre­

vious core, which is now' held in FF09, is written in to the 

selected core.. In this mode of operation, the pattern is advanced 

one core during each cycle and when the pattern is displayed, it 

can be seen to move across the array. 

Testing Schemes 

Three schemes have been found to be very useful in 

testing the memory system. In the first scheme, "ONEti is read 

into a single memory core, and "ZEROI. into all the other s. The 

system is then put into the mode of operation in which one by 

one the contents of each core is read and temporarily stored to 

be written into the next succeeding core. The "ONE" then pro­

gresses continuously through the whole memory 0 The second scheme 
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is like the first except that allltONEts" and a single "ZERO" 

are written in the memory. This "ZERO"' then cycles through 

the whole array. The third scheme can be used in conjunction 

with the previous schemes or it can be used with a stationary 

pattern. A "ZERO" or a "ONE" is written into a certain core 

and the selection system is then fixed so that this core is 

skipped during each major cycle. After many cycles, this core 

is selected again to see if it still contains the number that 

was placed there originally. 

( 



Report R-2ll Page 74 

CHA.PTER V RESULTS AND CONCLUSIONS 

The purpose of this thesis research was to demonstrate 

experimentally the feasibility of using magnetic-matrix switches 

to drive a ooincident-current memory. It is believed that this 

purpose has been acoomplished by the Qonstruetion and .operation 

of a 256 core memory driven by two 16 position switches o Al-

though careful adjustments and eihaustive tests have not been 

made a.s yet, the memory has held arbitrary patterns of "ONE' sn 

and "ZERO' 5" for many operations o 

The aocess time of this experimental memory is much 

less than that of most other random a'Coaas merrories. In three 

microseconds, a core is selected, iu (]Ontents read out, and a 

number written baok ino The timing cycle is divided as followru 

0.75 mioroseoonds to set the selecting flip-flops and saturate 

the desired portions of the SWitch, 101 microseconds to read, 

and 1.2 microseconds to write back into the memory. The contents 

of a core are received 1.6 microseconds after the start of the 

operation. 

Researoh on this experimental model is continuing and ........ \, 

improvements in access time and reliability are expected. However_ 

much researoh remains to be done before a memory and switoh are 

ready for use in a computero The development of better cores will 

be an important part of this worko The memory cores should have 

lower coerci.ye fare and more nearly racta.n.gul.ar .... I ourves. 
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Much of th:i.s i!11.prov8Iaent vrill have to come from the development of 

better materials, but one of these two characteristics can be im-

proved by changes in the geometry of the core 0 A high ratio of 

inside to outside diameter "rill improve rec"t;angularity, but be-

cause the minimum wall thickness is fixed by the fragility of the 

material, -lihis ratio is obtained by increasing the diameter and 

thus the coercive force. The coercive force can be made low at 

t,he expense of rectangularity by making the inside diameter of the 

core very small and making the outside diameter any convenient 

size. Vfuen the core wall is thick, flux is changed only in the 

material close to the inside radius and so the diameter ratio is 

not important .. 

Future development of matrix switches must be aimed in 

two directionso First toward greater simplicity, because the 

switches as built in this experimental unit with their many wind-

ings of fine wire, do not have the simplicity and thus the re-

liability that is desired in a large scale computer. Second.!) 

switches must be developed that can drive large portions of a com-

plete memoryo 

Signed ~ .., tOO e .PC.lldY.u...... 
Kenneth HQ Olsen 

Approved 
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APPENDIX I SOME OTHER USES OF THE MATRIX SWITCH .. 

In driving the coincident-current magnetic memory, the 

matrix switch was used as a multiposition selection switcho Each 

binary number in the input uniquely selected one output o The switch 

can also be used to convert the binary input into some arbitrary 

function 0 Function tables have been made with crystal-diodes, but 

those made with magnetic cores would have the following advantages~ 

(1) A small number of cores can often do the job 

of many crystalso 

(2) The output of each switch position can be mixed by 

simply wiring the windings in series o Mixing is 

often difficult and slow with crystalso 

(5) The impedance of a core switch can be made low so 

that short pulses can be switchedo The impedance 

of crystals is fixed within a narrow range o 

(4) Only the selected core in a magnetic matrix switch 

passes power~ but in a crystal switch~ all outputs 

but the selected one draw currento 

Two simple examples of how function tables could be made 

with magnetic cores are discussed belowo 

Binomial-Binary to Cyclical-Binary Decoders 

The ordinary binary code in which arithmetic operations are 

usually done is called a binomial-binary code o There are several 

other binary codes some of which have advantages in that errors picked 
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up in transmission or storage are less significant than in the bi-

nomial code o Figure VI-l is a table comparing four digits of the 

binomial code to one of the other binary codes o This is one of the 

cyclical codes where only one digit is changed at each counto 

Since arithmetic operations and some binary-analog conver-

sions are difficult in any code other than the binomial code, it is 

often desirable to use a converter or a decoder to change from one 

code to another o One way of doing this is to reproduce the~onver-

sion table, such as that in Figure VI-I, in a matrix switch as has 

been done in Figure VI-2, where the original code is set up in the 

control windings and the new code is set up in the secondaries 0 Only 

the first three digits of the table were reproduced in this switcho 

The driving winding has been omitted for clarityo Just as the number 

in the original code selects one row in the conversion table, the 

number in the control windings will select one core in the switcho 

. 1Vhen this core is pulsed, it will produce pulses at the output cor-

responding to the output columns of the conversion tableo 

This decoder becomes unwieldy for large numbers because of 

the many cores needed o Study of the conversion table of Figure VI-l 

will reveal that any digit, 2n , in the cyclical code is dependent only 

upon digits 2n and 2n + 1 in the binomial code o There are only four 
n n+ 1 

possible combinations of the digits 2 and 2 and each of these 

combinations uniquely determines the integer in the 2n digit of the 

cyclical code o These conditions can easily be built into a four-posi-

tion matrix switch as in Figure VI-3, so that the two digits of the 



DECIMAL BINOMIAL BINARY CYCLICAL BINARY 

0 0000 0000 

I 0001 0001 

2 0010 o 0 I I 

3 00 I I 0010 

4 0100 o I I 0 

5 0101 o I I I 

6 o I I 0 0101 
7 o I I I 0100 

8 1000 I I 0 0 

9 1001 I I 0 I 

10 1010 I I I I 

II I 0 I I I I I 0 

12 I I 00 1010 

13 I I 0 I I 0 I I 

14 I I 10 1001 

15 I I I I 1000 

FIG 3ZI-1 

( 
A CYCLICAL BINARY CODE 
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binomial code select one core o When this core is pulsed g it supplies 

the correct cyclical integer to the output o By using one of the lat-

ter type of decoders per digit~ one can greatly reduce the number of 

cores required far converting multi-digit numberso 

A Matrix-Switch Adder 

The magnetic matrix switch also lends itself nicely to 

arithmetic tables o Figure VI-4 shows a single-digit binary addition 

table where A and B are the two numbers of this digit to be added and 

C is the carry from the previous digit columna The answer is in the 

sum column and the carry for the next digit is in the last columno 
, 

The three inp~ts, A, B, and C$ define one row of the table and each 
~~~J 

row has the appropriate sum and carryo 

In Figure VI=5, the table is reproduced in a magnetic-

matrix switcho The three inputs~ A, B, and C, select one of the 

eight cores each of which has two secondaries to give the appropriate 

sum and carry output pulses o 

If the sense and position of the C windings are reversed 

as in the alternate switch of figure I-5 3 these windings drive the 

switch, and it is possible to use the carry output of one digit to 

drive the next digito If a complete register of these switches is 

assembled as in Figure VI-6, we need only hold an input to the A and B 

terminals on each switch as we pulse the C-ZERO input of the right-

most digito The switch in the first digit will produce the appro-

priate output at the sum terminals and the output of the carry termi-

( 
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nals will drive the appropriate C input of the next digito The 

carry will progress down the adder reading out the sum as it goes o 

If the C~NE input to the first digit is pulsed, instead 

of the C-ZERO, a 1 is automatically added to the answero This 

makes possible a very simple way of using the "lOi s complement" 

method of subtracting 0 To subtract B from A we need only put the 

complement of B into the adder and pulse the C-ONE input of its first 

digit and the difference is read out at the sum terminalso 

When the adder is used in this form~ it is necessary to hold 

the two numbers to be added at the switch terminals during the addi­

tion operationo It is often more useful to be able to put the numbers 

in and get the sum out in sequenceo For example, one might want to 

take A out of storage and into the adder, and then do the same with Bs 

and then put the sum of A and B back in storage 0 

This can be done with this switch adder by putting gated 

amplifiers between the digits of the adder as in Figure VI-7 and 

reversing the windings of the A and B inputs as was already done with 

the C windings 0 First A is read in and it switches the four cores 

which it has eliminated from being the answer coreo Then B is read in 

and it switches the two cores which it eliminates from being the 

answer coreo The amplifiers, held inoperative during read-in to keep 

spurious carries from going on to the next digits, are now made operative 

and the appropriate C input of the first digit is pulsedo This causes 

one of the two remaining oores in each digit column to be switched o 

The carry propagates along the line of digits and the sum is read auto 
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APPENDIX II FLUX-CURRENT LOOP PLOTTER 

A flux-current loop plotter was constructed to facilitate 

this researcho This unit plots on the X coordinate of an oscillo­

scope a voltage proportional to the alternating current which is ap­

plied to the primary winding of the core under test 0 The secondary 

voltage is integrated by a simple R-G integrator, then arriplified, 

and applied to the Y axis o The resulting plot on the oscilloscope 

is the familiar i'1.ux-current loopo Figure VII-l is a block schematic, 

and Figure VII-2 is a photograph of the complete unito 

The 60-cycle power line acts as a source of current which 

can be controlled by a variable autotransformer.. A second transformer 

isolates the unit from the line and steps up the currento Deflection 

voltage for the current axis of the oscilloscope is developed across 

a resistor in series with the current source o An ammeter is placed in 

series with the current source so that one can calibrate the current 

axis 0 

The sample cores are mounted on plugs in order to facilitate 

rapid testingo When the secondary winding consists of a single turn, 

it is followed by a step-up transformer.. However, when a number of 

turns are used in the secondary, the transformer is not neededo The 

signal from the secondary is integrated, amplified,9 and applied to the 

Y axis of the scope .. 

Since the signal amplitude is greatly attenuated in the 

integrator It the loss in amplitude must be compensated by an amplifier 0 

The signal is integrated before amplification because it is easier to 
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obtain the necessa~y gain at low signal levels o The frequency-response 

characteristics of the amplifier are also less critical because there 

are significantly fewer high-frequency components in the integrated sig­

nal... A co~rci.al batt.ery-operated low level amplifier (Tektronix 

type 122) with a gain of lOOO is used .. 

When a spurious 6Q-cycle Signal, such as that due to hum 

pickup in the input transformer, is introduced into the output sig-

na1 of the core.7 the forward and return traces of the loop beyond 

saturation are separated as in Figure VII-B or FigureVIl-4o This 

spurious signal may be cancelled, by the addition of a corrective 

component, to yield the result shown in Figure VI-6o Phase shift in the 

6O-cycle component of the signal can also be compensated by this cor-

rective component. 

The corrective component is obtained from two step=up 

transformers in series with the current source, and hence is roughly 

proportional to the current applied to the primary of the sample.. A 

20,00()..ohm dual potentiometer adjusts the amplitude of the corrective 

component and a phasa...ehifting capacitor adjusi:us its pha~e... The eor-

reetivecomponent is applied direciily to the integratoro 
," 

A small saturable transformer has been included in the 

plotter to produce markers on the plot that indicate zero-eurrent 

points 0 The primary of the transformer is put in series with the am-

meter so that it produces a pulse of voltage as the current in the 

primary of the s(,UJlple goes through zero 0 The secondary of the satu-

rable transformer is in series with the output of the amplifier and 
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the input of the scope. These markers are particularly useful. in 

determining the zero-current. points of biased loops such as those in 

Figures II-7 and rr-8. 
This unit is simple to operate and results can be obtained 

quickly 0 When the step-up transformer is used between the core and the 

integrator, large plots can be obtained from even the smallest fer-

rite samples with on~ a singl.esecondary turn. 
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APPENDIX III MAGNETIC MATRIX SWITCH II 

Another multi-position matrix core switch, quite different 

from the one discussed in this report, is possible using significantly 

fewer cores o This switch doee not have the general applicability of 

the switch previously discussed because current is switched to all but 

the selected o'Qtput instead of to only the selected. The use of this 

switch is further limited by the fact that the outputs are not equal 

in amplitude;' There are,. however 11' a number of applica tiona for this 

switch - one of these being the. ca.se in which the switch is to cut. off 

all but one vacuum tubeo-

Figure VIII-l is a diagram of this switch o All the cores are 

driven from a conuron source.1 but one core in each digit is sa.turated 

by a control winding and so does not pass the driving signal on to its 

secondaries 0 The secondaries are arranged in a binary scheme in such 

a way that when a binary number is set up in the mechanical.switches 

there is no voltage at the output terminal corresponding to the number 

in the mechanical switches o All the secondaries in series with this 

output are on saturated coreso 

An alternate to this switch is shown in Figure VIII-2o 

Here.\! instead of driving all the cores and saturating specific ones,\! 

only the desired cores are driveno It is, therefore.\! not necessary 

that the cores be saturableo 

The originally proposed matrix switch requires 2n cores for 

a 2n position switch.. The switch discussed here requ:ires only 2n. cores 
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for the same number of positionso The latter switch also has the 

advantage that the control current flows through only one windingo 

The large number of control windings in series in the original switch 

is one of the factors limiting its speed of operationo 
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