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DESIGN OF AN EIGHT-POLE MAGNETIC-MATRIX SWITCH

I. INTRODUCTION

This report describes the design of a saturable-core magnetic
matrix and its use as a fast-operating eight-position stepping switch to
read binary numbers stored in an electronic binary counter. The matrix
switch and the binary counter are components of an instrumentation system
developed ?t)M.I.T. for flight-test evaluation of airborne fire-control

2
cal stepping switch, is an adaptation of a magnetic matrix developed at
the M.I.T. Digital Computer Laboratory for pulse atstribution. (2

equipment. The matrix switch, designed as a replacement for a mechani-

The instrumentation equipment simultaneously records data by
means of two synchronized movie cameras ani a multi-channel recording
oscillograph. Exact time synchronization is required between all data
records, and this is provided by a time code generated by the binary
counter and the magnetic-matrix switch.

The matrix is made up of eight magnetic-switch elements arranged
s0 thet the last eight stages of an eleven-stage counter are sensed singly
end in a predetermined, repeated sequence. The existence or nonexistence
of the matrix output signal during the observation period of a given stage
is determined by the "1" or "O" condition of the stage being sensed. The
idealized matrix output, which is a modulated 400-cps carrier as in Fig. 1,
represents consecutive eight-digit binary numbers produced one digit at a
time. One digit is produced for each rotation of the master camera shut-
ter, and the code is transferred to the films by means of small neon lamps.

The model of the switch which has been constructed is a bank of
ten matrix-connected toroidal transformers stacked horizontally on an alu-
minum plate 5-1/4 inches by 1-5/8 inches by 1/4 inch (see Fig. 2). Bight
of the transformers have five windings each, and two have three windings

(l)Instruction Manual for A-2 Fire-Control System Test Instrumenta-
tion, Engineering Report 6506-ER-29, J. M. Fiore, M.I.T. Servomechanisms
Laboratory, May 31, 1951.

(2)5 Magnetic-Matrix Switch and Its Incorporation into a Coincident-
Current Memory, R-211, Kenneth H. Olsen, M.I.T. Digital Computer Labora-
tory, June b, 1952.
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each. The finished assembly is embedded in plastic with the connecting
leads brought out through a 32-pin plug connector, and the overall dimen-
sions are 5-1/2 inches by 1-7/8 inches by 2-5/8 inches (see Fig. 3). The
physical size of a switch of this type could be greatly reduced by using
smagller cores; however, for ease in handling, cores with one-inch inside
diameters were chosen for the construction of the initial model.
The magnetic-matrix switch has been designed as a replacement
for an eight-pole solenoid-operated stepping switch previously used for
the same purpose. Although the
400 GPS CARRIER mechanical stepping switch has
// been used successfully, it has
given trouble because of varia-
ble time delays, excessive

vibration, and overheating

GONDITION T . o ¥
OF OBSERVED | " ; , during continuous operation.

T :OBSERVATION INTERNAL = 0.125 Sec. In the model of the magnetic-
matrix switch which has been
Fig. 1 - Ideal Matrix Output constructed, the step-delay

time is 0.1 millisecond. The
stepping rate is limited by the reaction of the matrix transformers on the
associated electronic flip flops in the binary counter. Reliable switch
operation at eight steps per second was the design criterion, and the
switch was found to operate satisfactorily up to 20 steps per second. The
actual upper limit on the stepping rate was not determined.

It should be noted that, although the binary counter and matrix
switch described in this report are capable of providing a binary code in
response to any series of electrical pulses, their use in camera instru-
mentation systems is to provide a time code which is synchronous with the
camera operation. It has been suggested by Arma Corporation that, since
the code itself is predetermined, it can be generated from a tape which
is run synchronously with the camera film. Arma Corporation has built and
tested a coder which consists of a 16-millimeter magazine driven at half
camera film speed by a direct mechanical drive from the camera. The time
code, consisting of consecutive ten-digit binary numbers, is punched in a

50-foot film strip in the magazine and is read by a simple electrical




Fig. 2 - Assembled Magnetic Matrix Before Embedding




P o

contact for operation of coding lamps. Where such a mechanically driven
coder is feasible, it should be considered as a desirable replacement for
the more complicated electronic counter and switch described in this

Fig. 3 - Assembled and Embedded Magnetic Matrix

report. If only electrical synchronizing pulses are available, the elec-
tronic counter and switch has proved to be a useful device for time code

generation.
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II. DESCRIPTION OF THE MATRIX OPERATION

A. The Magnetic Switch Principle

The principle of operation of the matrix switch can be illus-
trated by examining the simple magnetic-switch element shown in Fig. Y4a.
This element is a saturable—coré transformer having three windings: an
excitation winding, a sensing winding, and an output winding. The ideal-
ized hysteresis curve of a typical core is shown in Fig. 4b. Switching

in the element is accomplished
by passing a direct current
"52'53.’»5%" WINDING through the sensing winding, of
sufficient magnitude to saturate
the core. The switch action is
as follows: When a sinusoidal
voltage is impressed on the execi-
tation winding and the sensing
winding current is zero, normal

transformer action takes place

and a voltage appears at the
output winding. The operating
point about which the sinusoidal
mmf varies is shown in Fig. Wb
as Operating Point 1. If now a

direct current is caused to flow

l //// /// through the sensing winding, a
OPERATING POINT | OPERATING POINT 2 constant magnetizing force is

superposed on the sinusoidal ones

Fig. 4 - A Simplified Element
and an Idealized Hysteresis
Curve of a Typical Magnetic Core into the region of saturation

: indicated as Operating Point 2.
During operation about Point 2, the core permeability is reduced to unity,

and the operating point is forced

negligible coupling exists between the excitation and output windings, and
essentially zero voltage appears at the output.




B. The Matrix Configuration

The principle of core saturation for switching is used in the
generalized matrix shown in Fig. 5. Bach toroidal transformer core (shown
as a straight core for simplicity), together with its windings, is called

an element. The circuits into which the windings are connected are divided

el
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Fig. 5 - A Simplified Eight-Element Magnetic-Matrix Switch
with 8ix Windings per Element

into three groups: the control group consisting of control pairs, the

sensing group, and the output group. The control group determines which

of the eight sensing windings is allowed to control the transmission of
the 400-cps carrier at a given time. Zach sensing winding, when chosen
by the control group, is capable of blocking or allowing the transmission
of the carrier, depending on the sensing winding current. A single output
is obtained by connecting the eight windings of the output groﬁp in series.
Each element in the matrix of Fig. 5 has six windings. Three of
the windings correspond to the sensing, excitation, and output windings
described above for the simple element. The three additional windings
which have been added to each element are interconnected in the control
group (or matrix selector circuits). The six circuits of the control

: 0
group are divided into three control pairs which are called the 2 pair,
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21 pair, and 22 pair, as indicated. When direct current is caused to flow
through one circuit in each control pair, control winding mmf appears in
all but one of the element cores and forces them into the saturated condi-
tion represented by Operating Point 2 of Fig. 4b. The one element not
subjected to control-winding saturation is free to operate as the simple
element described above, and is called the selected element. Note that
some cores in the matrix will have current in two or three control wind-
ings at the same time, which just increases the degree of saturation.

The matrix control-group windings select the elements in order
by causing direct current to flow alternately through the circuits of each
control pair according to a prescribed binary pattern. The binary pattern
is developed by using the number of switching operations of the‘zo pair as
the counting reference and switching the second and third pairs after every
21 and 22 counts, respectively. Figure 5 shows the control circuits and
the proper counting interval for each control pair. The circuit of Fig. §
is arranged so that the elements (one through eight) are selected in their
numerical order, and the sequence is repeated every eight counts.

This type of matrix is not limited to the control of eight ele-
ments. The relationship between the number of elements to be controlled
and the required number of control pairs is: To control 2n elements, n
control pairs are required. For example, five control pairs must be pro-
vided to control 32 (25) elements.

C. Use of the Matrix and Counter to Generate Eight-Digit Binary Numbers

In order to obtain the desired series of consecutive eight-digit
binary numbers, it is necessary to read (or sense) the last eight stages
of the eleven-stage counter in order and in a repeated sequence. These
are Stages 23 through 210. The binary number represented by the eight
counting stages increases by "one" for every eight (23) camera pulses
entering the counter, and it is therefore necessary to read one counting
stage for each camera pulse. Figure 6 illustrates the binary number
represented in the counting stages after 0, 8, 16, 24, %2 camers pulses.

-A convenient method of reading a counting stage is to insert the

sensing winding of a matrix element in series with one flip-flop cathode
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of that stage.(l) In this manner, the cathode current and the consequent
saturation condition of the matrix element indicates the binary digit
represented. When an element is selected, the presence of an output volt-
age from the element shows that no current is flowing in the sensed half
of the corresponding flip flops; and this condition is designated as
binary digit "1." (Conversely if no voltage appears at the element output,
current flow is indicated in the sensed half of the flip flop; and this
condition is designated as binary digit "O."

COUNTING STAGE NO.——» | 2 3 4 5 6 7 8
\ NUMBER IN

f
REGISTER STAGE NO.—» | 2 3 4 5 6 7 8 9 10 Il ~5nTING STAGES

0 CONTROL REFERENGE CouNT | 0 | 0 [0 [0]0]0]0]0]0]0]o] o
gt : . lo]o|o[i]o[o]o]ololo]0] .
A . . |o|o|o[o]io]o]o]0]0]0] 2
2at : . |o]olo[i[1]o[0]o]0o]0]0] 3
22# « + « |o|o|o[o]o]1]0o]0]0]0]0] 4

Fig. 6 - The Binary Number in the Counting Stages at
the O, &, 16, 24, and 32 Control-Refersnce Counts

The matrix is made to select the elements corresponding to the

eight counting stages in the desired order by connecting the 20. 21, and

22 circuits of the control group to the 20. 21, and 22 stages, respectively,
of the counter. Thus, for every eight pulses entering the counter, the
matrix selects and reads in sequence the eight digits of the binary number
stored in the last eight stages. The order in which the counting stages
are sensed is from the eighth (210) through the first (23) in a repeated

sequence.
D. A Modification of the Basic Matrix

In the model switch which has been constructed, the number of
windings required on each element was reduced from six to five by replacing

(l)See Figure 9, Section IV, where the sensing windings are labeled

s 82, 53, ete.

l!
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the direct current in the 20 (counting reference) control pair by the
sinusoidal excitation, eleminating the need for a separate winding on
each element for excitation. The element-selecting ability of the matrix
control circuits is not affected by this simplification. Figure 7 shows
the simplified matrix.

= By e

S | [ - - 1
N EES

[ | =S
=
I i D i 4
gulgndpnd e

e aE g Freali el ool

Fig. 7 - A Simplified Eight-Element Magnetic-Matrix Switch
with Five Windings per Element

In the simplified matrix, the introduction of the a-c excitation
through the 20 control pair requires a means for direct-current control of
the excitation. This control is provided by adding two three-winding
elements to the 20 control circuits as shown in Fig. 7. The principle of
core saturation is applied in these elements as in the simple element pre-

viously described. The two control elements receive their excitation from

& common g—-C source.
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III. DESIGN PARAMETERS AND PROCEDURES FOR THE MATRIX

From the theory of element operation and an analysis of the

binary-counter stages, the following desigh parameters were assumed:

1. The core material must have the following characteristics:

a. High effective permeability in the
region between saturation limits

b. High percentage remanence
c. Low coercive force
d. Saturation permeability equal to unity

2. The cathode current available for sensing winding satura-
tion of the cores is 7.5 ma.

3. Induced peak voltages in the sensing windings caused by
the 400-cps switch excitation must be less than 30 volts
to prevent coercion of the flip flops.

4. S8ince the sensing windings are introduced into the
cathode circuits, the winding resistance must be low
to prevent changing the flip-flop characteristics.

(1)

material chosen was Delta-Max, a 50 per cent Ni - 50 per cent Fe, grain-

After an investigation of core materials , the magnetic core
oriented alloy which is produced in ribbon form and wound into toroids of
various sizes. The core dimensions used in this matrix are 1-21/64" 0.D.
by 59/64" I.D. by 13/64" thick. The cores are encased in nylon covers,
the dimensions of which are 1-1/4" 0.D. by 1" I.D. by 1/4" thick. The
ribbon used in the cores is 2 mils thick.

The manufacturer's hysteresis plot of a typical core is shown
in Fig. 8.

It was found from an examination of 50 cores that the charac-
teristics of Delta-Max are not sufficiently unifor? ?o allow duplication
1

necessary to compute turns and turns ratios from the measured hysteresis

of excitation and output windings on any two cores { therefore, it was

curves of each core.

(l)Investigation and Selection of Core Material for a Saturable-Core
Magnetic-Matrix Switch, Engineering Memorandum 6506-EM-28, J. W. Brean,
M.I.T. Servomechanisms Laboratory, Cambridge 39, Massachusetts.
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In these computations the region between the two thresholds of
saturation on each hysteresis curve was chosen as the unbiased operating
range for the excitation mmf.

»
N

N

S

KILOGAUSS
@

»

~i2 -08 -04 04 08 A 16 20 .24 28 32
FORCE — OERSTEDS

Fig. 8 - Manufacturer's Hysteresis Plot
of a Typical Delta-Max Core

The impedance across each of the 20 excitation-control circuits
was expected to vary appreciably during the selecting sequence as a result
of the nonuniformity in the element windings. To provide a constant cur-
rent source for these excitation-control circuits, a series resistance was
inserted in each of the circuits. An excitation current of 15 peak a-c ma.
was chosen to excite the matrix.

The number of excitation and output turns for each core to pro-
duce 3.5 peak output volts was computed using the maximum permeability
shown by the measured hysteresis curves and the sinusoidal excitation

current. The sensing and d-c control windings were determined by using

an experimentally obtained approximation: one d-c ampere-turn will saturate
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a Delta-Max core sufficiently to prevent transmission of five 400-cycle
a-c ampere turns. This approximation is crude, and cut-and-try changes
were necessary in some cases. The following chart shows the final number
of turns on the elements. (No. 1 windings are used for element excitation;

No. 2 windings are used for element output; and No. 3, 4, and § windings

are used for element control.)

ELEMENTS WOUND WITH NO. 33 B AND S
ENAMEL-INSULATED WIRE

Winding Number Element | Winding Number

No. of Turns No. No. of Turns

Element
No.

1 161 2 1 132
2 U5 2 I
3 200 3 200
L 200 i 200
5 200 5 200

1 160 4 1 151
2 4o 2 1
3 200 3 200
4 200 4 200
5 200 5 200

1 175 , 6 1 133
B Lg f 2

3 200 3 200
4 200 4 200
5 200 5 200

140 8
71
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IV. THE COMBINED MAGNETIC MATRIX AND BINARY COUNTER

The model matrix was assembled with the elements stacked hori-
zontally on an aluminum plate 5-1/4" by 1-5/8" by 1/U" ag in Fig. 2. The
assembly is embedded in plastic with the connecting leads brought out
through a 32-pin plug connector. The dimensions of the embedded matrix
are 5-1/2" by 1-7/8" by 2-5/8". The circuit of the model matrix is shown
in Fig. 9, and its action will be described in three parts: the sensing

circuits, the control circuits, and the output circuits.

A. The Sensing Circuits

The sensing windings of the matrix elements are connected in
series with one cathode of each counting stage of the binary counter.
When the state of the flip flop is such that no current flows in the sens-
ing winding of a selected element, a voltage appears at the output winding
of that element and a "1" is indicated. If current does flow in the sens-
ing winding of the selected element, the element is saturated so that no
voltage appears at the output and a "O" is indicated. By-pass condensers
which act as transient filters are placed across each sensing winding.
These condensers prevent switching transients from coercing the flip-flop
stages. In Counting Stage 7, it was necessary to add a constant biasg
circuit to insure that the current of Stage 7 would saturate Element B

The circuit consists of resistors Rl and R2 shown in Fig. 9.

B. The Control Circuits

The control pairs are operated by the flip-flop action of the
first three stages of the counter. The 20 control pair is connected by
the d-c control elements to the first stage of the counter, which provides
the reference count and alternates the excitation between the circuits of
the pair at every count. The 21 control pair operates directly from the
cathode currents of the second stage of the counter. This stage alter-
nates the control currents between the circuits of this pair after every
two control reference counts. The 22 control pair operates from the
cathode currents of the third stage of the counter. This stage alternates
the control currents between the circuits of this pair after every fourth

control reference count.
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The actions of Stages 1, 2, and 3 of the counter and their asso-
cilated control circuits are to change the binary number in the counting
stages at every eighth control-

reference count, to select the

elements in sequence, and to

\ \ - \'v. sense and represent as output
v \‘ \ v voltages the conditions of the
counting stages. A typical "1
Fig. 10 - A Typical "1" Output Signal signal, as observed at the
(400 cps) from the Magnetic Matrix matrix output, is shown in
Fig. 10.

C. The Output Circuits

The purpose of the output circuits is to rectify and clip the
matrix a-c output signals in order to form pulses of uniform amplitudes
which are sent to two neon camera indicating lamps and to the recording
oscillograph. Some leskage exists under the saturated conditions. The
leakage voltages are not always the same magnitude and, together with non-
uniform "1" or on-signals, cause nonuniform switching ratios. To obtain
uniform effective "1" voltages and to improve the switching ratio, a high-
gain triode amplifier and a clipper for rectificationare used. The first
stage of the output is a 12AX7 amplifier. The second stage, a 12AX7
cathode follower, is & low impedance source which drives the two 12AT7
output amplifier clippers. These amplifier clippers are biased below cut-
off by an amount equal to the largest leakage-voltage peaks and operate
only on positive grid-signal peaks corresponding to true "1" signals. The
neon indicating lamps operate directly from the voltages developed across
the plate-load resistors of the 12AT7 tubes. Before reaching the oscillo-
graph, the 400-cycle carrier is removed from the signal by a low-pass R-C
network (33 and C, of Fig. 9) to facilitate reading the oscillograph
record. The neon lamp and the oscillograph signals are shown in Fig. 11.
A "1" signal for the neon lamps is a train of pulses of 400-cycle frequency,
and a "O" signal has zero magnitude. A "1" signal for the oscillograph is
a filtered train of 400-cycle pulses, and a "O" signal has zero magnitude.
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Il1a. A TYPICAL "I" SIGNAL (400 CPS) FROM OUTPUT
STAGE WHILE FIRING NEON LAMP.

| —— 0 o S &~ Tt s
W O — - — V@ —
(= 1 * S, . . = o S .+ B p— . .3 p—— .
i ud
X

e e
- ——
D s

AN OUTPUT SIGNAL CONSISTING OF THREE CONSECUTIVE EIGHT
DIGIT BINARY NUMBERS APPLIED TO A RECORDING OSCILLOGRAPH

Fig 11 - The Final Output Signals
to the Neon Lamps and Recording Oscillograph

lb.
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Fig. 12 - Binary-Counter Chassis with Magnetic-Matrix Switch Installed
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V. APPENDIX

Adjustments for Operating Binary Counter and Magnetic-Matrix Switch

Excitation

1. Apply filtered 115 volts 400 cps to pin "C" of Cable No. 22.
(Unit was tested with 400 cps supplied by a Varo Type 411 inverter.)

2. Measure the excitation voltage on the binary-counter power
supply.

3. Adjust the Excitation Control potentiometer (on power—éupply
chassis) for 60 volts at Test Point 1. Do not allow voltage at Test
Point 1 to exceed 75 volts.
Null Control

1. Observe with an oscilloscope the signal between Test Point 2
or Test Point 3 (both located on panel of binary counter) and ground.

2. Using the Counter Test button on the binary-counter panel,
advance the counter through a series of counts and observe nulls. If nulls
appear on oscilloscope, adjust the null control (located under binary-
counter chassis) CCW until no nulls appear. [ﬁbte that: (1) the stage
being sampled may be determined from the lamps associated with the 20. 21.
and 22 stages of the counter; (2) as the count advances, the stages are
sampled in a descending order. When the 20. 21, and 22 stages are all

zero, the last stage, Counting Stage 8, of the counter is being sampleég
Coding Lamps

The recommended neon-lamp types for coding are NE-16 and/or NE-2.
As indicated in Fig. 9, one output circuit is wired for an NE-16 and the
other circuit is wired for an NE-2. If different lamps are to be used in
these circuits, the series limiting resistors (5.1 K for the NE-16 and
51 K for the NE-2) must be changed to obtain proper lamp operation.

Tests of counter and coding lamp operation may be made by con-
necting the proper lamps between the +300 Test Point and Test Points 2
and 3.
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ABSTRACT

The important transistor properties relating to switching-circuit design
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MAXIMUM EFFICIENCY TRANSISTOR SWITCHING CIRCUITS

I. INTRODUCTION

Failure to appreciate, understand and define the important transistor parameters
has retarded the application of transistors to switching circuits and systems.

Human nature demands that one attack new problems in the light of past experience.
This leads to the obvious approach of transistorizing vacuum-tube circuitry; this approach is
helpful because by utilizing it one gains valuable data and experience in switching networks. On
the other hand, the approach tends to hinder the exploration of some of the inherent advantages
of transistors.

There is the tendency to consider every new device as a cure for all past difficulties.
True, the transistor overcomes many of the deficiencies of the vacuum tube, but it also creates
many new limitations. One must understand these and guard against them. In one respect the
transistor is completely equivalent to the vacuum tube. That is, they both obey the good, logical,
fundamental network-design principles that have held in the past.

This report attempts to point out in a general way some of the important electrical

characteristics of transistors as they apply to switching networks.
II. TRANSISTOR SWITCHING-CIRCUIT PROPERTIES

A. GENERAL PROPERTIES OF TRANSISTORS AS ACTIVE ELEMENTS

The large signal equivalent circuit! of the n-p-n and p-n-p transistors and the
grounded-base collector characteristics are shown in Fig. 1.

As may be seen from the grounded-base collector characteristics, the junction tran-

sistor may be operated in three different modes. They are: (1) cutoff (point A), (2) active
(point B) and (3) saturated (point C).
In the cutoff mode the transistor current gain [Eq. (1) of Fig.1] is equal to zero and

the collector current is equal to the normal leakage current of a p-n diode [Eq.(10)].

. {exp [qv/KT] - l} ; (10)

where I is the saturation current, q is the electronic charge, k is Boltzmann's constant and

T is the temperature in degrees Kelvin. In the active region the currents are related as shown
in Fig. 1.
In the saturated region the diode RC may be thought of as effectively shorting the cur-

rent generator aNI , and hence, for purposes of increasing the collector current beyond that nec-

essary to saturate the transistor, the current gain is approximately equal to zero.

B. GENERAL SWITCHING-CIRCUIT PROPERTIES

One of the salient features of the digital approach to systems is that they may be

analyzed or synthesized by repetitive use of relatively few, rather simple basic-circuit types.
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It is imperative that one understands thoroughly the basic-circuit designs and its limitations.
Fortunately, due to the fundamental nature of switching circuits, they are rather easily ana-
lyzed.

A typical switching network may be analyzed piecewise by dividing the output
(timewise) into a discrete set of times utilizing appropriate equivalent circuits to describe cir-
cuit performance during each of the times. For example, consider the waveforms of a bistable
Eccles-Jordan circuit as represented in Fig. 2. The voltage outputs (a and b), and hence the op-
eration of the network, may be described for the rest times TR1 and TR2 in terms of appropriate
equivalent circuits devoid of energy storage components. The transient conditions (TSI and TS2)
may be represented by equivalent circuits which usually involve energy storage components.
However, the switching conditions may be analyzed in terms of initial conditions at the beginning
of the switching time (obtained from the equivalent circuit at rest conditions) and final conditions
at the end of the switching time (beginning of the succeeding rest time). This piecewise approach
may be extended (by repetition) to analyze multistable circuits (or conditions) which may be im-

pressed on the circuits by system considerations (variable loads, etc.).
III. BIAS LEVEL CONSIDERATIONS

The piecewise approach to switching-circuit analysis described in Sec. II is, of
course, not new. Indeed, this approach has been used in vacuum-tube switching-circuit design
for many years. However, at the present time it is felt that the approach is not fully appreciated
nor utilized in transistor circuit design. There are two major reasons why transistors are par-
ticularly adaptable to the piecewise analysis approach. They are:

(1) The transistor is a very sharp cutoff device. An approximate 0.1-volt emitter-

to-base reverse bias renders the unit completely cut off, and 0.1-volt forward
bias renders the unit fully turned on.

(2) Thetransistor current gain is essentially constant over a large current range.

Property (1) allows the circuit designer to design large safety factors (margins) into circuitry
conveniently; property (2) allows, with good approximation, the transistor voltage-current re-
lationships to be expressed algebraically. The above-mentioned two points may be demonstrated
by considering a general resistive loaded stage as shown in Figs. 3 and 4.

The quantities Ie and IC may be expressed in terms of the junction leakage current,
external resistors and bias supplies as shown in Eqgs.(11) and (12).

I =11+ f5(Veo) + f3(Vyy) (119
— 1
I, =11, )+ £V + 5V, ,) (12)
where:
£ i“ £ o= ReJr\Rb
1 Re+Rb(1—aN) 1 Re+Rb(1—aN)
£ = L £ =g

f - a
2" 3 R_FR(T-ay 2 3R PR (1 —ay)
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Since in most currently available low power commercial transistors ayn is essen-
tially constant over the emitter current range of 0.2 to 20 ma, and since the output of a transis-
tor may be considered a current source, the output current IC may be related algebraically to
the bias voltages at the emitter, base and collector. However, it is important to note that the
dependence of the magnitude of the various currents on transistor current gain is a function of
the resistance ratio Re/Rb as well as the magnitude of ayn-

Since the emitter, base and base collector barriers are p-n junction diodes, the
transistor may be cut off with relatively low voltages [Eq.(10)], usually on the order of 0.1 volt
by germanium units. The sharp, low voltage-cutoff characteristics ("knee") of a p-n junction
not only allow conveniently large circuit margins, but also allow circuit design that is very ef-
ficient voltagewise; that is, collector signal swing very nearly equal to the supply voltage mag-

nitude.

IV. TEMPERATURE STABILITY AND POWER DESIGNS

It is generally true that transistor limitations concerning power dissipation arise
through the adverse effect on the p-n junctions of high temperature (neglecting conductivity mod-
ulation due to high current densities and voltage limitations due to avalanche and punch thru) X
The major effect of temperature is to increase the conductivity of the p-n junctions [Eq.(10)].
Since the leakage current is changing so rapidly (exponentially) with junction temperature, the
solution to the problem of designing high power circuitry (transistors due to the small size, etc.,
usually have a rather high thermal resistance) or low power circuitry to withstand evaluated am-
bient temperatures is usually that of designing circuitry to withstand large changes in leakage
currents. This is easily accomplished by considering the effect of leakage currents on operat-
ing points for circuits when the transistor cutoff is cut off and when it is conducting. For the
cutoff condition the base, emitter and collector potentials may be readily obtained from Egs.
(13) and (14) in Fig.4, once the relationship for the variations of leakage currents with temper-
ature are known. If the transistor is in the active region (conducting), the transistor terminal
potentials depend upon the various currents which, in turn, are functions of temperature and the
inherent current gain of the circuit configuration.

It has been shown? that the leakage current Ico’ as a function of temperature, may

be expressed as

Ico(t) =1 exp [a(T + HPC = TO)] , (15)

where IO is the leakage current at TO, To is the reference temperature, H equals ATJ/MW
(junction temperature rise per milliwatt dissipation), T is the ambient temperature and a is a
constant (¥ 0.06 ~ 0.08 for presently available low power germanium transistors).

In the active region the major contributor to self-dissipation is usually the dissipa—

tion of the collector junction except in saturation. In this mode of operation the base resistance

eration, through the effects of temperature on

X ideri ly the circuitry aspects of high temperature op r
el lity) 2 # tor is chosen which will stand the power dissipa-

transistor parameter drift (stability), it is assumed that a transis
tion as such.
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is the only significant resistance. The behavior of any given network as a function of tempera-

: *
ture, therefore, may be predicted accurately by evaluating Eq.(15),” where

= i i (16)
PC = VcbIc (active region)

and

= ' ! 12) repeat
I, = I )+ 15V, ) +15(V, ) . (12) rep

Equations (12), (15) and (16) may be re-expressed to yield an expression for the rate of change

of ICO with respect to temperature as

dI
co _ 17
aT_ - f(IO, V, K, and KZ) . (17)
where
V = voltage biases (VCC, Vbb and Vee) .
e
K, = =% ,
1 Rb
.
2" R
e

By the use of the above result along with Eq.(6) in Fig.1, a given design may be accomplished
so that the network is thermally stable** as well as operationally stable over temperature limits

of the order of =80°C to +100°C for germanium transistors.
V. TRANSISTOR RESPONSE TIMES

A. FUNDAMENTAL EFFECTS

The normall three-region junction transistor is, relative to the vacuum-tube triode,
a slow device. The paramount reason for this is that, unlike the vacuum tube where the tran-
sient of electrons from cathode to plate is aided by strong electric fields, the transport of car-
riers (electrons or holes) is by diffusion. As a result, the circuit designer must consider two
effects in the response of transistor circuits. They are: (1) normal integrative effects due to
shunt capacitances and (2) delay or carrier transient time between emitter and collector. When

the transistor is operated in the saturated mode, there exists an additional effect, that of "hole
storage" or saturation delay.3

*Care must be taken in evaluating Io. Equation (15) applies only to the bulk leakage current; i.e., the leakage
current due to thermal generation of carriers. The component of leakage current (due to poor surface clean up,
etc.) does not change rapidly with temperature.

**The case where the change in Ico due to self-dissipation is self-sustaining.

TExcluding the ""graded base' (drift) transistor.
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As one would expect, the delay times, as well as the more familiar capacitive effects, impose
serious circuit design limitations in high speed switching circuitry. Some of the limitations, and

the circuit designs partially circumventing the problems, will be discussed subsequently.

B. TRANSISTOR RESPONSE TIMES

There may be as many as three separate response times, depending upon the mode
of operation, associated with a single-stage transistor network. They are: (1) rise time, (2)
storage or saturation delay and (3) fall time. The three effects are demonstrated in Fig.5. If
RL’ Re’ Vcc’
tains the collector junction under reverse bias at the peak of the output pulse, the saturation de-

and VT are chosen so that the voltage polarity across the collector junction main-

lay vanishes.

The magnitude of the response times (T1, T2 and T3) is different for each of the
three basic connections. Also, an accurate analytical expression relating the response times to
transistor and circuit parameters is rather complex. However, a set of nine equations (three
each for each of the basic connections) has been derived,3’4 assuming current sources and neg-
lecting the effect of collector capacitance which reveals the salient points that affect switching
time for each connection. Some of the results of this work are shown in Fig. 6.

It is interesting to note that empirical results check closely (v £10 per cent) with the
results predicted by theoretical analysis for the switching times T1 and T3, provided the assump-
tions set down in the analysis are rigorously adhered to. These assumptions are:

(1) rc(l - aN) >> RL )

(2) RL CC << Z»L )

N

(3) Current sources at the input.

Care must be taken to assign realistic values for the constants an ap @y and wp
since each of these parameters is a function of voltage and current. It is difficult, in general,
to obtain good agreement between theoretical and experimental results for the saturation delay
T2, particularly at high current levels* However, the equations can still be extremely useful
to the circuit designer because they point out some of the salient circuit factors affecting the
saturation delay time.

To the circuit designer the most stringent condition that limits the usefulness of the
analysis is the assumption of current sources. In most practical system designs, this assump-
tion is not valid and hence the circuit designer is forced to combine the results of transient anal-
ysis of the input (driving) network with the transient analysis of the transistor, in order to pre-
dict the over-all network response.

; ..3,4 . :
Perhaps the most significant result of the transient analysis is the fact that in all

cases (modes of operation) the transistor switching time is dependent upon the constants of the

*One reason for this is that ay and aj vary rapidly as functions of current in the saturated mode of operation;

hence the assumption that these parameters are constants is inaccurate.
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device and the amount of overdrive supplied at the input, or

input current difference (18)
output current difference

Ts=Kd1r1

The result of Eq.(18) indicates that the single, most important factor affecting the switching
time is the frequency response of the device itself. Also, it has been shown® that minimum re-
sponse time occurs when ay = 1. Since minimum time occurs when an = 1 and the frequency
response wy of the transistor is important, it is only natural for the circuit designer to call for
high frequency devices. There is promise of obtaining the devices through graded base struc-
tures, etc. However, the interim solution of transistor manufacturers has been to build tran-
sistors with very narrow base widths and hence increase the value of wN This approach is fruit-
ful to a degree but it can be shown6 that there exists an optimum base width that yields minimum
switching time for practical switching circuits.

Further, the optimum base width is, in general, different for each of the three basic

connections (i.e., grounded base, emitter and collector).
VI. ACTUAL CIRCUIT DESIGN CONFIGURATIONS AND THEIR LIMITATIONS

A. CIRCUIT AND SYSTEM CONSIDERATIONS
1. Reliability

Much has been said, but little actually proved, about the reliability of systems con-
structed from transistor switching circuits. From a fundamental point of view the transistor
should be an extremely reliable device in that there is no theoretical reason why it should fail
(i. e., nothing is used up by operation such as the cathode material of a vacuum tube). However,
numerous circuits have been designed in which the transistor exhibits a half life on the order of
0.5 sec (usually associated with the thermal time constant of a transistor which is on the order
of 1 sec). On the other hand, life test data on certain other circuitry utilizing the same transis-
tor types from the same production run indicate that the transistor life is essentially infinite.

On the basis of the above-described phenomena and other life test data, one can make the follow-

ing general observations about transistor reliability:

(a) At the present state of the production art, the transistor exhibits a rather
large spread in parameter values.

(b) The nonuniformity of a given type at the present time is inherent due to
lack of adequate production control.

(c) Good production control may ultimately be attained through improved ap-
plied technology, but only after further knowledge and understanding of a
fundamental nature are obtained concerning the intrinsic and extrinsic var-
iables affecting the properties of semiconductor devices.

(d) At the present time most manufactures use selective segregation to meet
uniformity requirements as is done in diode manufacturing.

(e) Transistors (all manufactures) may exhibit drift in parameters on the order
of 2 to 1 in magnitude and the major portion of the drift takes place in the

first few thousand hours (at room temperature).
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(f) The rate and magnitude of parameter drift is, in general, proportional to
temperature in an experimental manner (positive experimental).

(g) Aside from the long-term drift of transistor parameters with temperature
and age, the junction cutoff current Ieo and ICo are directly affected by
temperature (see Sec. IV).

(h) In order to achieve long-term stable operation of transistor circuits one
must, in view of the long-term parameter drift with age and short-term
drift with respect to ambient temperature changes, design circuitry with
large safety margins.

(i) Reliable operation can be achieved at the time by designing switching cir-

cuits with the principles set forth in Secs. Il through V of this report.
B. POWER AND SPEED

The transistor system affords great power savings over the equivalent systems built

with vacuum tubes. There are two principal reasons for this:

(1) The lack of filament power,

(2) The natural voltage and current levels are lower.

These two effects account for a saving in power on the order of 20 or 30 to one over vacuum tube
systems. In general, however, the same fundamental principles involving power and speed of
systems are the same as for vacuum tube systems; i.e., rapid responses involve charging ca-
pacities in short periods of time, and hence the power consumptions of system naturally increase.
This is particularly true due to the fact that presently available transistors are inherently slow
(diffusion process), and hence considerable overdrive must be applied to speed up circuitry.
Unlike vacuum tube systems where the primary considerations involve response-time
capacitive effects and not transient times of the electrons from cathode to plate, in transistor cir-
cuits the transit time of carrier across the base region plays an important role in circuit design.
The effect usually manifests itself by imposing an absolute minimum input pulsewidth
which, in turn, sets rather large minimum capacitance values in a given circuit. The large ca-
pacitance values, in turn, impose recovery time problems that may be more serious than actual

rise time considerations.

C. SIGNAL LEVELS

Because transistors are extremely efficient voltagewise (on the order of 0.1-volt
"knees"; see Sec. III), the system voltage levels are usually set by a combination of system and
transistor considerations. Among these are:

(1) Low voltage limit
The low voltage limit is automatically set if the transistors are allowed to

saturate. Whether or not one allows the transistor to saturate is primarily
° determined by speed considerations (see Sec. V).

(2) High voltage limit
The primary considerations as to the upper voltage limit are the total power
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consumption of the system and the upper voltage limit imposed on the tran-
sistor by the punch-thru7 and avalanche phenomena.

(3) System voltage swing (on-off voltage level difference)
The signal level of an all-transistor system is usually chosen as a compro-
mise between two inherent opposing effects. They are:
(a) As the signal level increases (total swing), the amount of energy dis-

sipated in charging and discharging capacities increases. This effect
indicates that the signal level should be low.

(b) On the other hand, the signal level should be, for convenience of cir-
cuit design, large compared with the transistor (off-on) uncertainty
region (corresponding roughly to the grid base in the vacuum tube
systems), which is on the order of 0.2 volt for germanium transistors
and 1 volt for silicon transistors.
For an all-transistor-diode system, the signal level should be large compared with
the forward drop of several diodes or transistors in series*® (for design convenience of diode or

transistor gating circuitry).
D. ENERGY CONVERSION EFFICIENCY

Fundamentally the transistor, like the vacuum tube, has gain by virtue of dissipa-
tion changes. Unlike the vacuum tube, the input impedance is much lower than the output imped-
ance. In the design of realistic transistor systems then, a serious problem arises in the avail-
able power to drive succeeding stages. This situation is aggravated still further in the design
of high speed systems, since it is necessary in the transient state to overdrive the stages to ob-
tain fast switching. This fact, more than any other, accounts for the large number of transistors
required to build transistor systems compared with equivalent vacuum tube systems.

The above considerations indicate that circuitry should be designed to deliver max-
imum output power and that a high percentage of the available output power should be available to
drive other transistors. Further, since currently available high frequency transistors are ex-
tremely low power devices (on the order of 0.5 Mc-watts as a figure of merit¥**), it is suggested
that circuitry should be designed with energy conversion efficiency that is as high as possible.
For example,

useful signal output power _ ” 1
transistor dissipation =~ 1 °’ (19)

where

n, - for optimum design

Also in the interest of designing a minimum-power drain system, a criterion (or figure of merit)
for optimum circuit design is

useful signal output power _
power supply drain ~ Y2 @ (20)

*.'I':hetbigh forward conductance of the punch-thry diode invented by R.H. Rediker (Group 35) should improve this
situation,

**SBT-100, 50 Mcps, 10 mw.
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where

n, - 1 for optimum design

2

The product of n, and n, should be made as large as possible. The ratio represented by n, can

be made large by allowizng the transistor to saturate or by controlling the voltage from collector
to base through the use of clamping diodes. However, minimum power systems can be built only
by making n, close to unity (this must be true if there exists a minimum power level to process
intelligence). In most present transistor circuit designs, a high percentage of useful output
power from the transistor is dissipated in the load resistors. This is especially true for direct-
coupled logic. Therefore, the value of n, may be increased significantly by removing the standby
power dissipated in this area.

The circuit design techniques in the following section show how the values of n, and

n, may be increased yielding minimum power, maximum speed and minimum sensitivity to com-

2
ponent and transistor drift circuits.

VII. MAXIMUM EFFICIENCY CIRCUITS

It turns out that, aside from eliminating the power dissipated in load resistors, an
additional gain in system power efficiency may be obtained by utilizing circuitry designs that
draw power from the supplies according to the power demand at the output. This process always
involves feedback. An example of circuitry to accomplish this is exemplified by the cathode-
follower or emitter-follower (grounded-collector) circuit. Unfortunately, however, these two
circuits do not have voltage gain associated with them. A transistor circuit involving voltage
gain, along with an ability to convert DC power into signal power as required by the load, is

shown in Fig. 7.
The salient results of Egs. 21 through 28 (in Fig. 7) are:

(a) The transistor dissipation is low and the output power is high for collector
currents less than the maximum output current.

(b) The major portion of the power drawn from the supplies is available at the
output for dissipation in the load resistor; i.e.,, n, % 1 and the circuit draws
from the supplies only the power dissipated in RL and Rb (neglecting tran-
sistor dissipation).

(c) The only transistor parameter of importance in the conducting state is the
minimum base-to-collector current gain BN'

To illustrate the above-mentioned points assume that the circuits, constants and the transistor

parameters are:

[3N = ZO(aN = 0.95) V.m = 5 volts
- R. = 10 kilo-ohms . (29)
Ty sat 50 ohms b
\"% = 10 volts R. =1 kilo-ohm
ce L
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Ib X 0.5 ma
I =10 ma , (30)
C max
I,=1 +I =10.5ma

~ _ 50 mw - 50 mw . 3]
T ¥ 70.2) (10.5) - 2.1 2L (31)
. 50 mw X 0.95 . (32)

2 50 mw + 2.5 mw

Two of the above circuits (Fig. 7) may be coupled together, with only slight modifica-

tion, toform a bistable circuit as shown in Fig.8. The difficulty with this configuration is that:

(a)
(b)

(c)

The low voltage level is not fixed (depends upon Ico’ etc.),

The power dissipated in the internal load resistor RL (in shunt with actual
load) may be an appreciable percentage, particularly at low output power
levels.

For fast fall time (when the transistor is turned off), RL must be made small.

A circuit configuration that circumvents these disadvantages is shown in Fig.9. The salient

features of the configuration are:

(a)

(b)

(c)

(d)
(e)
(f)
(g)

Essentially all of the output current (collector current) is available to drive
the load RL'
The standby power is low; i.e., when there is no load, the power taken from

the supplies is approximately equal to the dissipation in the base resistors

PD X 21 R, (standby output power) . (33)

2
b
Both the high and low voltages are clamped (the p-n-p and n-p-n transis-
tors saturate).

The tolerance on all resistors may be large (on the order of +50 per cent).
Circuit operation is substantially independent of transistor parameters.
The stability of the configuration is insensitive to supply voltages.

The configuration leads to fast rise and fall time since large transistor

overdrive is inherent.

Items (d), (e), and (f) are true since the configuration allows the transistors to set their own

levels.

A complete circuit diagram based on the configuration of Fig.9 is shown in Fig. 10.

Data showing some of the operating characteristics of the circuit are shown in Figs.11 and 12.

"around the

One difficulty with the circuit shown in Fig.10 is that there is an appreciable delay

loop" because the conducting transistors are saturated. This difficulty may be

10
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minimized by double triggering (triggering all four transistors simultaneously). A circuit em-
ploying this feature is shown in Fig.13. Figures 14 and 15 give additional data about the opera-
tion of the circuit. Figures 16, 17 and 18 show the results of the current-demand flip-flop using
5-Mcps transistors.

The circuitry techniques described in Figs. 7 through 18 may be extended to nonsatu-
rating circuitry. The primary gain in designing the circuits to operating in the nonsaturating
mode is in the maximum operating speed.

The circuit configurations to accomplish this are shown in Fig. 19.

The action of the circuit may be explained in terms of the conducting p-n-p transistor
shown in Fig. 20. It may be seen from Fig. 20 that the nonsaturating current-demand configura-
tion of Fig. 19 meets all the conditions set down (a through f) for the saturated configuration of
Fig.9.

The major advantage of the nonsaturated over the saturated configuration is through
decreased switching time. Figure 21 shows a typical design using the nonsaturated configuration
employing single side triggering. Figure 22 shows a higher speed version using double trigger-
ing. Figure 23 shows the triggering conditions for the circuit.

The reason that the back-clamped configuration of Figs. 19 and 20 does not allow the
transistors to be saturated may be seen by comparing the diode characteristics shown in Fig. 24.

If silicon transistors are used, the nonsaturated circuitry does not require the four
silicon diodes. This may be seen from the silicon collector finally shown in Fig.25. The re-
quired basic configuration using silicon transistors is shown in Fig. 26.

The salient electrical features afforded by back-clamping, current-demand technique
(CD) are:

(a) Saturated (SCDFF)

(1) Low transistor dissipation,
(2) High conversion efficiency (output power/supply drain),

(3) Insensitivity to component and transistor parameters (standby load
resistors not needed),

(4) Insensitivity to voltage supply drift,

(5) Maximum system efficiency (draws power from supplies according
to needs of load),

(6) Fast rise and fall time (inherent overdrive),

(7) Loop delay (caused by saturation time).

(b) Nonsaturated (NCDFF)

(1) Low transistor dissipation,
(2) High conversion efficiency (output power /supply drain),

(3) Insensitivity to component and transistor parameters (standby load
resistors not needed),

(4) Insensitivity to voltage supply drift,

(5) Maximum system efficiency (draws power from supplies according
to needs of load),

(6) Fast rise and fall time (inherent overdrive),

(7) No saturation delay.

11
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VIII. GATING CIRCUITRY

The design of maximum reliability switching systems depends very heavily upon the
reliability of the voltage-pulse voltage-level gate. In order to assure maximum system relia-
bility (assure positive action and suppress superfluous triggering), the gate circuits should ful-

fill the following general system qualifications. They are:

(a) Independent of pulsewidth,

(b) Independent of pulse amplitude,

(c) Independent of pulse repetition frequency,

(d) Independent of pulse level (within given limits),

(e) Fast response both to pulse and to level change.
The circuit design should also fulfill the following electrical qualifications:

(a) Insensitivity to component values,

(b) Insensitivity to transistor parameters,

(c) Minimum standby power,

(d) High available output power,

(e) Present constant load to pulse source (driver),

(f) Deliver a standardized output pulse that is insensitive to input pulse and

level amplitudes.

A circuit configuration that fulfills to a high degree the above characteristics is shown in Fig. 27.
The gating waveforms are shown in Fig.28. A study of Figs. 27 and 28 shows that the circuit
configuration fulfills to a high degree all of the qualifications imposed on system and circuit con-

siderations for reliable gating circuitry.
IX. CONCLUSIONS

The reliability of transistor switching systems is closely related to the design of the
circuits. The circuit designer must consider the drift of operating points caused by aging and
ambient self-generated temperature changes. For high speed networks, due to the lack of high
speed transistors, overdrive must be used to speed up the circuit response.

Due to the sharp cutoff characteristics of transistors, circuits with large margins
may be conveniently designed.

Transistors are inherently efficient devices (both voltagewise and powerwise). This,
along with the fact that two types of transistors are available (n-p-n's and p-n-p's), allows cir-
cuit design that is extremely efficient in terms of power supply drain to signal power output.

The transistor being an efficient, reliable, small device may be soldered into sys-
tems much as are ordinary resistors and capacitors. This, plus the fact that it is basically a
three-terminal passive device which can produce power gain, makes its use in networks where

feedback techniques are more widely employed appear very attractive.

12

UNGLASSIFIED




UNGCLASSIFIED

REFERENCES

1. R.B.Adler, "A Large Signal Equivalent Circuit for the Transistor Static Charac-
teristics," Transistor Group Report T-2, Research Laboratory of Electronics, M.1.T.
(August 1951).

2. C.R. Hurtig, "Bias Stabilization of Junction Transistors," Transistor Group Report
T-9, Research Laboratory of Electronics, M.I1.T. (August 1953).

3. J.J.Ebers and J.L. Moll, Proc. |.R.E. 42, 1761 (1954).
4. J.L.Moll, Proc. I.R.E. 42, 1773 (1954).

5. G.A.Davidson, "A Transistor Selection System for a Magnetic Core Memory,"
M.S. Thesis, M.1.T. (1956).

6. R.H.Baker and R.H. Rediker (to be published).
7. J.M. Early, Bell Sys. Tech. Jour. 32, 1271 (1953).
8. J.L. Miller and J.J. Ebers, Bell Sys. Tech. Jour. 34, 883 (1955).

13

UNCLASSIFIED




UNCLASSIFIED

n-p-n I¢ Ie p-n-p I. _
-E +C +E -c 773 AIC
Bl M) mpEag |V=E
& e
I
IbT p "l B
L - Al
@ By=ar |Ve=K
_— ay I, — ay I,
Te Re : (3) I, = ayl,
-EO——j¢—— +C +EO—p} s : O-¢
Re Rc Ic T RC Ic
e
2w, R, (4) I =I -1
IbT

=
IB IB (5) I =11 =-ay)

a
_ N
I 2 3 4 s (6) Ic_(l--czN)Ib
Ie=° ma ma mo ma ma "
IC
S _
) [ (M 1=y,
8
+ch T"c (8) R, =R, +R(1=-ay
! \A 9 Rout - Rc
= o, =
¢ Where:
a, = Normal emitter-to-
5 43 21 1,00 collector current gain.

ma ma ma ma ma

Fig. 1. Equivalent circuits and collector characteristics of p-n-p and n-p-n transistors.
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Fig. 2. Switching-circuit characteristics.
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Fig. 3. Voltage and current characteristics of the p-n-p transistor.
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Fig. 4. General resistive loaded stage.
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Fig. 5. Response time.
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Fig. 6. Results of transient analysis.
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Fig.7. Back-clamping technique. (27) n, = L
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Fig. 8. Bistable saturated circuit.
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“Vee 3-24-1139

~ OUTPUT OUTPUT

TI OFF

Fig. 9. Saturated current-demand configuration.
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l
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Fig. 10. Circuit diagram of saturated current-demand configuration single-triggering
(SCDFFS) 1-Mcps transistors.
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Fig. 11. Trigger voltage vs pulsewidth.
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Fig. 12. Set-reset time vs pulse amplitude.

21

UNCLASSIFIED

e




UNGLASSIFIED

Voo 3-24-1143
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10k _“,_ — 10k
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+Vee
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Fig. 13. Circuit diagram of saturated current-demand flip-flop double-triggering
(SCDFFD) 1-Mcps transistors.
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Fig. 14. SCDFFD trigger voltage vs width.
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Fig. 15. SCDFFD trigger voltage vs set-reset time.
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Fig. 16. Circuit diagram of SCDFFD 5-Mcps transistor.
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Fig. 17. SCDFFD (5 Mcps) trigger voltage vs width.
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Fig. 18. SCDFFD (5 Mcps) trigger voltage vs set-reset time.
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Fig. 19(a) and (b). Nonsaturated current-demand configurations.
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Fig.20. Analysis of back clamping.
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Fig. 21. Circuit diagram of nonsaturated current-demand flip-flop single-triggering (NCDFFS).
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Fig.22. Circuit diagram of nonsaturated current-demand flip-flop double-triggering (NCDFFD).
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Fig. 23. (a) Trigger voltage vs width (NCDFFD) and (b) trigger voltage vs set-reset
time (NCDFFD).
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Fig. 24. Diode characteristics.

Fig. 25. Silicon transistor collector family.
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Fig. 26. Basic configuration of silicon nonsaturated current-demand flip-flop (NSiCDFF).
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Fig. 27. Pulse-level gate configuration.
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evaporated 80-20 permalloy have been JTeported by

MAGNETIC BELAXATION IN THIN FIIMsT

areen wow

- o Dopgld O. Smith

Lincoln Laboratory, Magsachusetts Institute of Technolo
W ‘Iexiugﬁ%n, Massaghusetts 4

A static and dynamic theary hre propdsed to de be tio behavior of thin magnetic
ﬁmmamWWgyE-qug}&ethaoxyp_uadictaareversible

occmrring at a field of 2K/M; the loop longitudinal to this axis is square with a coer-
cdve force of 2K/M. The effect of a transverse de fisld is investigated; such a field
reduces the coercive fores of the longitudinal loop and may also lead to asymmetrical

~ loops if the magnetic axis 15 not kept perpendicular to the dc field, The dymemic theory

from being aligned with the magnetic axig to being perpendieular to this axis, Both rever-
sible and iveéversible processes can occur in this time range. The theory is also extended
to treat the problem of domaip-wall motien, Equipment bandwidth limitation does not yet

allow observation of processes faster than 20 mis, DBoth révSrstble and irreversible Pro=

~ cesses have been observed which cannot be resolved in this time.

I. ENERODUCTION

, 0

The preparation and magnetic properties of thin films (e 2000 A thick) of vacuume
: 2 Eloi&}%m filn 48 deposited on a
heated glase substrate (microscops skide) in-the presence of am external magnetic field in
the plane of the film, the £ilm develops & preferred magnetic awis in the field direction,

‘becoming a single ‘domain oriented in this direttion.’

In order to estimate the time for such a simmltameous reversal we refer to the theory

developed by Menyuk and Goodenough? to describe the switching of toroids of polyerystal-

line magnetic material. In this case the reversal mechanism is wall motion and the time
of reversal 7 is given by (Hmono)-r =8y with‘ﬂkthe reversing fisld, H, a threshold field

for irreversible flux change, and Sy the swi es;efﬁciento §,, for thin-tape toroids
of Mo=permalloy has an experimental valus of § x 1 ! oe=sec. The theoretical expression
for 8, gives §,«d/f ,with § a wall thickness and d the distemce this wall moves during
réversal, For Mo=permalloy, the thepry plus the sxperimental value of 8, give 4/§ = 500.
Ifreversgl takes place by rotation &s a single domain, we set 4/ = 1, leading to

8; = 1077 oe-sece v

y N 3 =7
The switching coefficient for 80-20 permalloy films as rted by Hods 48 2 x 10
Oe=sec, which is mugh greater than the extimated yalue of lospgeeeec;_hwever, Conger3
measured the compogemts of magne tion in the plane of these films during reversal and
obtained results which proved that the reversal process was one of rotation. It is the
purpose of the present paper to show how these comtradictions can be resalved.

§ The research in this decument was supparted jointly by the Army, Navy, and Adr Force
under contract with the Massachusetts Institute of Technology .




I, THEORRTIGAL MODEL

Let us assume that the uniaxial anisotropy observed in these films can be described
by Ex = K sinaﬂ, where Ey is the anmisotropy energy, K is the anisotropy constant, and @ is
the angle the magnetization M makes with the easy direction. With external fields Hg
(switching field} longitudinal to the easy direction and H | § transverse to this direction,
the total energy becomes (cf Fig. 1)

A, Static Theory

E = K 5in%0 ¢ HM cos @ - H, M sin 0, | eos (1) ;

For the hysteresis loop in the transverse direction we calculate M sin® vs, H 4 by setting
Hg = 0 and dB/d® = O, The result is shown in Fige. 2. Note the complete reversibility and
the fact that saturation occurs at H A = 2K/M,

For the hysteresis loop in the longitudigal d%rectign (M cos6 vs Hs) wesetH,y, =0
and now require not only dE/de = Q but also d°E/de® = 0, since there is always an extrema
at @ = 0 when H, = 03 when d2E/de%= 0 we pass from the case where this extrema is a minimum
to where it is 2 maximum. This result is also shown in Fig., 2. In this case &n irrever-
sible flux change of 2M occurs when Hgy = 2K/M.

The effect of a transverse dc biasing field on the longitudinal loops is shown in Fig.3.
As H 4 is increased to the value 2K/M, the hysteresis loop gradually changes from the
square loop to a reversible S-shaped loop. The rotational coercive force changes from the
value of 2K/M.to 0 as H 4 gges from O to 2K/M. The functional dependence is found from
the equations dE/d@ = d2E/de%= 0, The result is

Hg(gk) = b = cos% ves (2)
HJ, (2%) oy h* o sinae,

where Hg and H 4. are normalized with respect to the "anisotropy field" By = %1':' . hg as a
function of h, is shown in Fig, L. :

Next let us consider the more general case of the magnetic axis making an arbitrary

angle &0 with the hg direction and a pick-up coil which measures the flux in the hg direc- ’
tione The energy expression becomes (Fige 5)

& ine
E = 2K [5..121_ v hs cos (a+8)=h o sin(M} oo (3)

Ifh = 0, the loops will be symmetrical and, as goes from 0 to 90° radu c

from‘h-ne square form to the straight line form (Fig:( 6=I)c When h 5 O,agym:ﬁzalhﬁ:s

are to be expected, since it is clear that when hy = 0 the equilibrium positions (6 and )

of M are not now symmetrical with respect to the axis of the pick-up coil. If these two
equilibrium positions are in the first two quadrants M will move back and forth in these
Quadrants during a loop cycle; this is the case for hy =0.5, A = 5°(Fig, 6-I1), If

the equilibrium positions are in the first and third quadrants s> M will rotate a full 360° ‘
around the loop (Fig. 6~III, with h , = 0.5, 0f = 60°), Finally, as @ gets very near 90°
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3
. the loop becomes reversible (Fige 6-IV, with h, =05,«= 75°).

Bo. Dynamic Theory

We now wish to calculate the time for the magnetization to change from one equilibrium
position to another after the application of an external field having components h and h ) 3
the external field is considered to be turned on instantaneously. Consider first The two
limiting cases hg = 0, hy 3* 0, and h gk Oy hy = 0. In the former case the impulse field
h 4 is perpendicular to M, producing a torque h x M which is a maximum at t = O3 the
rotational relaxation time (4 t)g should be as™short as it ever will be. However; when
h, =0 the impulse field is hg and hg x M = 0, so that no torque is ever applied and the

relaxation time is infinite, With both fields applied simultaneously we expect the relaxa-
tion time to be in between these limiting cases.

In order to calculate (&b t)y we must consider the torque acting on the s during
the entire course of the relaxation processg for this purpose we take T(0)=- AN Te
relate this torque to the speed of motion we make a quasistatic approximation of the follow-
ing sorts assume that the angular velocity @ is at every instant proportional to the
instantaneocus torquey i.e.y

é-aT(9)==age ooo(h)
‘ Integrating Eq. L gives the relaxation time ( A t)° as
(2] ;
(At)e i %’ 42 %%5" ° 000 (5‘&)

For the energy given by eq. 1

ses (5=b)

1 4o .
(A t)g - m/az hgsind + h.L cos © - 5in@ cos® o
!

In evaluating the above integral the lower limit ©; will be the equilibrium angle
before the impulse field is turned on. If hy and hy ~are both turned on simultaneously
€ will be zero; however if h, is a dc biasing field; € is determined from the static
theory by sin €= h, o For the upper limit &y, the static equilibrium conditions may
lead t0 an infinite relaxation time. This is simply due to the continually decreasing
torque as M comes nearer and nearer to its final equilibrium value, To avoid this diffi-
culty we determine @y by the condition that the relaxation voltage pulse at ©p shall have
dropped to 0ol of its maximum value. For the switching voltage we have

e = MO sin © = Ma T(@)sin O. ey

. In order to compare the experimental and theoretical voltage pulses; eq. 5 must be
expressed as a function of time. This is not easily done and numerigal methods must be

used.




4

: i < WA R : e h = lo tm
“% The integral im eq. 5<b can be easily evaluated for the case hy = 0, h. 3
Tits are found to be 8, 0, 8, = 68,5%, We find 4

£8.5° ¢

from which (& t)e = 3.74/ak, A typical value of K, measured fmmv,the transyerse loop at
1000 cps, is 103 ergs/cc (corresponding to HE = 2 oe)s the velue of g mist either be deter-
mined from an impulse relaxation experiment, or related t0 the ferromagnetic resonance
measurement of relaxation., As tll% be ghown the next section, the value of a from
resonance experiments is a2 3 x 10° (oe“ssec),™  so that (& t), a~ I mus . However, as
will be shown in the next section, the simple theory given here is expected to break down
for a process as fast as this, predicting a shorter relaxation time than would actually be
the case. Experimentally, the transverse relaxation time is found to be £ 20 mus, which
is the lower limit on the timewise resolution of the experimemtel equipments

For general values of hg and h) the integral of eq. 5<b must be evaluated by numeri-
cal calculation. *he results for various values of hg and hy are shown in(fig. 7-a and
7=b); the range of hg is taken as 0 < hg € 2 and for h, we choose 0 h  ""-«1
Since (A t)g goes to @O for some of the fields in fhese ranges we plot?&ﬂ‘t)@ vs h
(fixed value of hg) (Fig. 7-a) and [2aK (# t)o] ™ vs hy (fixed balues of hy )

(Figs 7=b). In interpreting Fig, 7 the limitations of the quasistatic theory already
mentioned mist be kept in mind,

The above simple description of the motion of M takes no account of the acceleration
required to keep the angular velocity proportional to the torque; equally serious is the
fact that the torque = = dE/d@ is in the wrong direction to provide for motion of M in the
@ direction., This is due to the angular momentum carried by the electron spins whose
assoclated magnetic moments make up M, The torque = dE/d@ will initially tend to make M
start to move upward out of the plane of the film, and it is the resultant demagnetization
fields which provide the torque to move M in the @=direction. For the details of these
effects we now turn to a consideration of the Landau-Lifshitz equation of motion for the
magnetization.

C. Landau-Lifshitz equation
: The well-known Landén-Lifshitz equationh is

Be Y(MxB) = A(MxExH), i (6)

4
with x the gyromagnetic ratio and A an ébitraxdly introduced damping constant. The
coordinates for the description of the motion are showm in Fig. 83 the only new parameter
is the angle Y ; by which M tilts upward out of the plane of the film. From Fig. 8 we
see that Hy = « Hy ¢ Hy, Hy=H, ,and ,_-eh'ﬂ'nainw o SBubstituting in eq. 6
andaasumingsinv i 5005* ® 1, and wu))ﬂxorﬂy,weﬁnd.

5 =Lhr¥ M " + ..).é. T(0) : . eeeo (7=a)
- :
V2N o Ay -g 7(e). eso (7=b)
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These are a pair of coupled equations in @ and \J/ and provide for the translation of the
torque T into a direction suitable to make M move in the ©-direction.

The previous assumption that we could write @=aT leads us to set T = constant in
ego 7-b and solve for \W o With the initial conditions t=0, \p =0, @=0 we find

. X{f-o Coa T A%y, i e B}

If the change in @ (and thus T(@))is small in the time 1/L)# required for ¥ to reach the
quasistatic limiting value of eq. 8-a, we can regard W as only an implicit function of
time through its © dependence, and can disregard the explicit exponential dependence. Thus
we write

Y - . | see (Bb)

Finally for  we have

0= (%ﬁ - ﬂl%é) T(Q)’ eeo (9=a)

which is of the forga of eqo L with a = yz/;\ + A/m2 o From microwave resonance
experiments A «¢ 10 cp? 3 for permalloy M ~ 103 oei the gyromagnetic ratio 1 » 1,7 x 107
(ce-sec)=t . Thus yz/A w 3% 100 (062 - sec)™ >P A /MR ~10° (oe? -sec)™L and

eq. 8-a becomes

X .
Q = Q) . oos (9=b)
A

Let us now examine the validity of the appraximation of quasistatic motion which leads
to eqe 9=b. From eq. 8~a ¥ will reach an equilibrium value consistent with a given torque

in a time approximately given by ( 4 +t) %}\ ~1 mys. Thus a good description of
experiment might be expected for ( & t)§ as 30 mus. For motion completed in a time

& 10 mys the relaxation time predicted by the quasistatic theory will be too short, since
the torque - dB/d@ is only translated into the correct direction to provide motion in the
0 direction with a2 time constant of 1 mys. Thus all of the theoretdcal relaxation times
of the previous section are too short by a factor which will become worse the shorter the
relaxation time. However, it is to be expected that the general dependence of (& t)g

on hg and h 3 will be preserved by a more exact theory.

D. Domain-Wall Motion

The previous theory of relaxation time can be readily used to obtain an expression for
the velocity of a moving domain wall. We mfi'be

J :
v = ng 9 000 (10)

¥p. Tannerwald, M.I.T. Lincoln Laboratory, (private communication)




s
where v is the wall velocity, J-the wall thickness, and (At)e the relaxation time of a

. 5
spin as the wall moves by, From the well-known static wall theory we have .
n/2-¢
J = 2 K de ooo(ll)
i i v B
O¢e g(e)
where A is the exchange constant, K the anisotropy constant, g(e) the angular dependence :
of the anisotropy energy, and & a small number chosen to keep the integral from going -
infinite, For (At)g we write
g -
A2 @
(8t)y = -f;g ey °
5

where T(@) = = dE/de, and we must add the exchange energy into the expression for E.
From static wall theory, we know that for each spin in the wall the exchange and
anisotropy energies are equal, so that

E = 2K g{e) + HeM (12)
The final form for v is

5 n/2-¢ 92 % =1 :
k-2 1/ ] G
+e¢  g(e) 1 (ﬁg:)- g(e) )
s s

Equation 12 is to be compared with the expression given by Kitte16

2 " 1t o . €
v = gkx- {%-.H[g(g)] dg] MHBo .ooo (1!1)

The two expressions are the same except for the normalized integrals over the angle ;

©. Note that the new expression contains a nonlinear dependence of v on the driving
field, A detailed comparison has not yet been made,

IIT. EXPERIMENTAL

A. Low-Frequency Hysteresis Loops

Low=frequency hysteresis loops are measured using the circuit of Fige 9, which is
patterned after that used by Crittenden”. The setup uses only standard commercial

amplifiers plus the pick-up and drive coils and a simple balanced RC integrating net-
work,

The transverse and longitudinal hysteresis loops (a = 90%and 'Q.G’,:hinei)d"l typigal '
film in a 1000 cps drive field are sketched in Figo 10, It is seen that if we associe
ate the saturation field in the transverse direction with 2K/M; then in the longitudi-
nal direction reversal is taking place in a field considerably less than the expected
rotational coercive force of 2K/M, This low value of coercive force must be due to
domain walls and we designate it as the wall coercive force Hgo A very good
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demonstration of wall reversal is obtained by lowering the frequency to 10 cps and examin-
ing the unintegrated voltage from the pick-up coil, The result is shown schematically in

‘ Fig. 11, It is seen that reversal takes place by discontinuous Barkhausen jumps, which
have long been associated with wall motion, An idea of the speed of these walls can be
obtained by varying the drive frequency., It is found that at 100 eps the resolution of
the Jjumps illustrated in Fig, 1l is lost, and the reversal voltage is a single rounded
pip. That walls can exist in thin films was first shown by direct observation using the

Kerr effect by Fowler and Fryer.9 Subsequently, observations using colloidal magnetite

have been reported by W:Llliamu.lo

If the longitudinal loop (a = 0) is measured with a transverse dec biasing field h )
present, the behavior predicted by Fig, 3 is obtained as soon as h is large enough to
make h:( h:. Variation of the angle a, with h ) - 0 leads to behavior of the type

predicted by Fig, 6=I; when a is varied and h **O asymmetrical loops of the types

shown in Fig, 6-II, III, and IV, are ob sewwved, ‘f‘ho angle o can be varied by physically
rotating the film, or by straining a film which has magnetostrictive properties,
Asymmetrical loops obtained by straining magnetostrictive films were first reported by

Mitchell and Fmbena.8 In all cases care must be taken to distinguish between rotational
and domain-wall processes,

B, Impulse Behavior

The presence of a wall coercive force H: which is considerably less than the rotational
coercive force H‘z means that in order to study the rotational relaxation time under impulse

‘ conditions we must apply a drive pulse which has a rise time short compared to the time
required for walls to form and move. The apparatus used to accomplish this is shown
schematically in Fig. 12, The drive pulse has a rise time of 2,5 musec and is generated
by discharging a coaxial line through a mercury relay, In order to provide for an H-
field with plane geometry, the pulse is sent down a strip transmission line, which is
terminated to avoid reflections, A pulse to reset the film after reversal by the fast=
rise~time drive pulse is provided by a capacitor discharging through a second mercury
relay. The pick-up loop is balanced to eliminate air coupling as shown in Fig. 12; the
balance may be made quite exact by inserting a tapered aluminium strip in one side or
the other as required. A section of fine nichrome resistance wire makes up part of the
loop in order to reduce circulating currents generated by the drive field., The film is
placed in one arm of the loop and may be placed with its magnetic axis either parallel
or perpendicular to the drive field. A photograph of this line is shown in Fig, 13-a, in
which the nichrome-wire pick-up loop and supporting posts are easily seen. Fig. 13=b
shows the line mounted in a pair of Helmoltz coils which provide a dc biasing field. In
order to eliminate the magnetic field of the earth the whole assembly is placed in a large,

double~walled, p-metal box,.

A convenient way to experimentally establish the time scale for rotational relaxation
processes is to examine the transverse hysteresis loop in the pulse apparatus described
above, In this case walls do not play a role, and there is a strong impulse torque
applied the instant the drive field is turned on, The drive and output pulses are shown
schematically in Fig. lli-a and be The impulse H has a rise time of 2.5musec measured
directly on the plates of the oscilloscope; a purposely unbalanced pick-up loop should
have an output proportional to the derivative of the drive pulse, in this case a square

’ topped pip of width 2,5 mus, However, the actual output is rounded and of 20 mus duration,
because of the band width limitation of the scope pre-amplifiers As shown in Fig. llh-b,
the transverse film-pips have the same form as the unbalanced air~coupling pips, so that
the most that can be said is that the relaxation time is & 20 mus, with h, = l. Note
that when the drive pulse is turned off a second film pip occurs as the magnetization swings
back o its old equilibrium value, The theoretical relaxation time for this case has
already been found to be 1 mus ; thus theory and experiment are at least consistent,
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For the case of the drive pulse in the longitudinal direction we expect irreversible
switching, and consequently a restore pulse must follow each drive pulse and return the
film to its initial state. This restore pulse is not shown in Fig, 12, With proper
values of h) and h_, the pick-up output should be much like the transverse case, except
for the absence of the second pip, since the switching can now be irreversible, Again
the same limitations on the viewing equipment arise; however, as shown in Fig, 10=c the
film can be made to switch irreversibly in times € 20 mus with hsg 1l and a suitably
chosen h;, o As h, is varied a continuous range of rotational Switching speeds can be
observed, which vary over the range 1000 to 20 mus., The effect of h, on lowering thew
rotational coercive force (cf Fig. Li) has been demonstrated by Olson, Pohm and Rubens,

An adequate experimental study of the relaxation behavior requires considerable

improvement in experimental techniques, In this direction, a traveling wave oscillescope

with a band pass of 3000 mc will be employed to resolve the fastest relaxation behavior,
A second difficulty involwes spurious noise in the final oscilloscope display which
should be eliminated by making the mercury relay completely coaxial, In addition, a
coaxial relay can be expected to have a rise time another order of magnitude faster than
2,5 mus, which will be needed in order to study the fastest relaxation phenomena,




1,
2
3e
L,
Se

Te
8.

9e
10,

. 11,

REFERENCES

M. S, Blois, Jr., Jo Appl. Phys., vol. 26, 1955, po 975,

N. Menyuk and J, B. Goodenough; J. Apple. Phys., vol. 26, 1955, pe 8.

R. L. Conger, Phys. Rev., vol. 98, 1955, p. 1752,
L, landau and E, Lifshitz, Physik 2. Sowjetunion, vol. 8, 1935, p. 153,

C. Kittel, Revs. Mod, Phys., vol., 21, 1949, p. 5Ll.

Co Kittel, J, phys., et radium, vol, 12, 1951, p. 291,

E, C. Crittenden, Jr., A, A. Hudinac, and R, I, Strough, Rev, Sci., Inst,, vol, 22,
1951, p. 872,

Es N, Mitchell and S, M, Rubens, Armour Symposium on Relaxation of Ferromagnetic
Materials, April L-6, 1956, Armour Research Foundation of Illinois Institute of

Technology.
Co Ao Fowler, Jr. and E. M, Fryer, Phys. Rev, vol, 100, 1955, p. 7L6é.
He Je Williams, Proceeding of this Conference.

Co Do Oleon, A, V., Pohm and S,M, Rubens, Armour Symposium on Relaxation of Ferro=
magnetic Materials, April L6, 1956, Armour Research Foundation of Illinois
Institute of Technology.




LIST OF CAPTIONS

Figo 1, Static Model of an Anisctropic
Thin Film,

Fig, 2. Theoretical Hysteresis Loops
from the Model of Fig. 1,

Fig. 3. Theoretical Longitudinal Hys-
teresis for Various Transverse Fields hJ_o

Figo Lo Rotational Coercive Force

hg vs, Transverse Field hL °

Figo 5. Asymmetrical Static Model,

Fig, 6, Theoretical Asymmetrical Hys-
teresis Loops From the Model of Fig, 5,

Fig. 7. (a) 1/2aK{At)_ vs h for various

hoo (v) 1/2&1((1\’«‘.)6 vs'h  for various h.|.°

Fig. 8, Angular Coordinates to Describe
the Motion of M with the Film in the
Xy=plane,

Fig. 9, Circuit for Measuring Low-
frequency Hysteresis Locps,

Fig. 10, Experimental Hysteresis Loops
at 1000 cps,

Fg. 11, ' Barkhausen Jumps in Longitudi-
nal Direction (10 cps,)

Fig. 12, Impulse Appafatus Used to Study
Magnetic Relaxation in Thin Films of
Permalloy, . :

Fig. 13.a Photegraph of Strip Line and
Pick-up Loop,

Fig. 13.b Photograph of Strip Line and

h.L Biasing Coil,

Fig. 14, Impulse Relaxation Behavior,




FIG. |
2 : ]
"E =K SIN @ +-Hsmcosa -H, M SIN G

STATIC MODEL OF AN
ANISOTROPIC THIN FILM



M COSE8VSHL
(TRANSVERSE LOOP)

H—

2K
M

¥ \\ MSING vsH g

Jd (LONGITUDINAL
L.OOP)

"Fl16., 8
THEORETICAL HYSTERESIS LOOPS
- FROM THE MODEL OF FIG.I




8-s7828
SN-1328
$-3372

0
j) |
| o I 3.
Fie.3 THEORETICAL LONGITUDINAL
"HYSTERESIS FOR

VARIOUS TRANSVERSE FIELDS h,




FIG. 4

. r
ROTAT IONAL COERCIVE FORCE h¢.
VS TRANSVWSE FIELD: ks




2K 2 | =
E=-E‘—[SlN g + hs COS (a+8)—h-LSIN(a+9)]

FIG. §.

ASYMMETRIGC STATIC MODEL



COS (a+e) }

1.0 COS (e+8) } Wy
o Feen = . o5 o0
LT R PN, Yt 3 h =080 AGF . _oege
; e L ,—1/‘}/ 6=15
b __o" I: : 1 32='35°
A 1 g1l PRRREY 5 bt b7, B0 4 68 08 1|
1.0 10 =~ 1.0 1.0 g_o; 1.0
: ol . L i
- ~ pigen s
s hS' ; »:3 g hS
< 7/
Pis A R N o I
COS(e+s)} I-g It COS(a+e)f_:g S
hi=0.5" e TR WL R
L £ =60° 'L ,//_ l ==75° -
=_ | 6=10" B : 9|=5° :
— "8 = : |“ 2 : =
xn:/fz/i! | e 1111M/J!111162'25
1.0 L o 1.0 l Joj .0
§ 41 PO I | sy
BrEn i) o N,
—J/ 3 o
___I’ J/“’ .
S PR g | 305 % DI ' 41.0 BZ
: » FI1G.6 g5
THEORETICAL ASYMM LOOPS

ETRICAL HYSTERESIS




c-6792t

F- 3390

(a)
o ve K.
’ZQK(At)e_ L
FOR VARIQUS h,

0O 02 04 06 08 1

@ O% 08 10 15 ®

{b)

vs h_

- RoKlat), 2 £ 8

FOR VARIQUS h




A-67672

FIG. 8

ANGULAR COORDINATES
TO DESCRIBE MOTION OF M _
WITH FILM IN THE 'xy PLANE




BALANCED

Py ~ RC INTEGRATOR @
. TECTR ' : | 4 |
130K 'agmc M{ CRO_[H RESISTOR
™ . A k) e 'N
. Lo 1 "PIRNE L CL SERIES
e 1 °F v W0 A HELM
> ‘ in°°?9 5 ud 3 | PA?:TZ
| 130K | i v
RIS IKKR
‘ 20 . TS
| i
@ 3 | |
| HELMOLTZ PAIR _ s |
TO0 PROVIDE \PICK-UP COoIL
DRIVE FIELD —— (3000 TURNS)
é o \BUCKING COIL
, - (3000 TURNS)
; TO'IOIIQ'.'IOIQZOIOZQYOZOZ‘ZOIOIOX’OZQYOIQYOZOYOZOE |
; _ ,
‘ FIG. 9 :
CIRCUIT FOR MEASURING _lOOO CPS
HYSTERESIS LOOPS OF THIN FILMS
@
”m
5.
("
<




. a-67881 -
S -1525
F-3369

e - |2 —LoneiTuomaL

FIG,lO

EXPERIMENTAL HYSTERESIS
~ LOOPS AT 1000 CPS




A-67669
SN - 1523
F-3367

&
v &
dt
I l T
W Hw Hr_ZK
g et
H ——
-SRI

BARKHAUSEN JUMPS IN
LONGITUDINAL DIRECTIQN
6. 15 (10 - CPS)



SN-1524
F-3368

STRIP. TRAusulsSION
N |
FINE ~ BALANCED
PICK—-UP LOOP
(NICHROME WIRE)

DRIVE %
PULSE ;g;o
S SRR, H;E ﬂ‘ﬁ%}_\a
PERMALLOY ' *‘COAXlAL
FILM LINE
TO SCOPE

FIG 12

IMPULSE APPARATUS
®




A-67913

FIG. 13a
PHOTOGRAPH OF STRIP LINE AND PICK-UP LOOP




~ A-679I14

RN FIG..13b
PHOTOGRAPH OF STRIP LINE AND h, BIASING COIL

e,

o
x v
e




B- 87679
Fo3r0. @)

W

—i2 ,O!“ . 200 — .Zd“' t(mpSEC)
TRANSVERSE == | w o
: ~ i
. E ot
R 5 —
: : V t (mpSEC)
) e
dé %
LONGlTUDINALaT W
e
t{mpSEC)

Fl_s; 14

IMPULSE RELAXATION BEHAVIOR




R=-212

FERROELECTRICS FOR DIGITAL INFORMATION

STORAGE AND SWITCHING
OUDLEY ALLEN BUCK

DIGITAL COMPUTER LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY




Report R-212

FERROELECTRICS
FOR
DIGITAL INFORMATION STORAGE
AND SWITCHING

by
Dudley Allen Buck

DIGITAL COMPUTER LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Cambridge 39, Massachusetts

June 5, 1952
(Thesis Date: May 16, 1952)




Report R-212

FOREWORD

This report was originally issued as a thesis
report and as such received but limited distribution. So
as to extend the distribution to the many who have expressed
interest in ferroelectric components for digital information
storage and switching, this report is now issued as an M. I. Te
Digital Computer Laboratory R-series reporte

The author is indebted to Professor Arthur R. von Hippel,
Director of the M. I. T, Laboratory for Insulation Research; to
Mr. Jay W. Forrester, Director, and Mr. William N. Papian of the
M. I. T, Digital Computer Laboratory; and to the staffs of their
respective laboratories, whose combined efforts made this work

possible.
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@ ‘ ABSTRACT ;

FERRCELECTRICS FOR DIGITAL INFORMATION STORAGE AND SWITCHING
by
Dudley Allen Buck
Submitted for the degree of Master of Science
in the
Department of Electrical Engineering

on May 16, 1952

Materials have recently been discovered within which exist
domains of permanent electric dipoless These materials, named ferro-
electrics, can be used to advantage in many electronic applications where

| ferromagnetic materials are currently used, often in circuits which are
‘ the duals of those of their ferromagnetic counterpartse Ferroelectrics
can be made in the form of single crystals or rugged ceramicse
Digital information can be stored in a matrix of ferroelectric
condensers, and an efficient method of storage-element selection is
available in the form of a two-coordinate, coincident-voltage schemee
The matrix can be made on a thin ferroelectric sheet by painting the
coordinate rows on one side and the coordinate columns on the othere
The information can be taken from the matrix via a simple mixing
transformers
Multi-position switching can be accomplished with a group of ferro-
electric condenserse The logical circuitry of such a switch, capable of
accomplishing many of the switching tasks in a high-speed information-
handling system, can be painted directly onto the two sides of a thin

. ferroelectric ceramic sheete

Ferroelectrics for pulsed applications are best studied by pulse
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methods, which allow their properties to be studied without significant
heating of the sample, and with rather low-powered test equipmente A
barium titanate ceramic, which, when pulsed, switches in about one micro-
s;cond. is on the borderline of suitability for the memory applications

The pulsed properties of this material are temperature dependente

Thesis Supervisor: Arthur Re von Hippel

Title: Director of the Me I, Te
Laboratory for Insulation
Research
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CHAPTER 1

INTRODUCTION TO FERROELECTRICS

Engineers have long utilized the residual induction of a ferro-
magnetic material for information storage. Such devices as the magnetic-
wire and magnetic-tape recorders, the magnetic-drum computer memory, the
magnetic stepping register, and more recently, the multi-dimensional magnetic-
core memory all depend upon residual induction for their operation. The
existence within a material of domains of permanent magnetic dipoles is a
requisite for the phenomenon of residual induction.

Recently, materials have been discovered within which domains of
permanent electric dipoles exist.1'2'3 These materials, named ferroelectrics,
exhibit residual digplacement and have hysferesis loops in the D-E plane
similar to those of the ferromagnetic materials in the B-H plane (Figse 1,2)e
The residual diéplacement of ferromagnetic materials. is a basis for digiéal
information storage, making possible the use of ferroelectrics in applica~
tions similar to those in which ferromagnetic materials are currently used.

The phenomenon of ferroelectricity has been observed in three groups
of materials whose representatives are Rochelle salt, dlhydrogen potassium
phosphate, and barium titanate. 1t was decided at the outset that the in-
vestigations of this thesis should be made on materials of the third group,

represented by barium titanate. Barium titanate, unlike the others, can be

le A. von Hippel and co-workers, NDRC Reports 14-300 (August, 1944),
14-540 (1945).

2. A,von Hippel, "Ferroelectricity, Domain Structure, and Phase Transitions
in Barium Titanate," Laboratory for Insulation Research Technical Report
XXVII, Massachusetts Institute of Technology, March 1950; Reviews of
Modern Physics, Vol. 22, No. 3, pp 221-237, (July, 1950).

3. W. J. Merz, "The Electric and Optic Behavior of BaTioO Single-Crystal
Domains," The Physical Review, Vole 76, No. 8, pp 1221-1225 (October 15,
1949).
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prepared in the form of a rugged ceramic which exhibits ferroelectricity
over a wide temperature range, and whigh, when compounded with other
titanates, can be tailored to a vide variety of elgctrical properties.

The remanent charge of a ferroelectric condenser (the residual
displacemént integrated over the area) is not to be confused with the
charge of an ordinary condenser which has been subjected to a direct
voltage. The charge of an ordinary condenser will "leak off™ with time,
whereas the remanent charge of a ferroelectric condenser will remain over
a period of weeks even though the condenser terminals are short circuited.
The remanent charge of a ferroelectric condenser represents a stable state
for the dielectric; for an ordinary condenser, the only stable state iéqﬁhat
with zero charge.

ferroelectrics can be used in circuits which are, in general,
the duals of those in which their ferromagnetic counterparts are used.
Voltages sources must be substituted for current sources as drivers, and
current detectors must be substituted for voltage detectors for observing
changes in stored information (Figo. 3)e

When a magnetic core, as it switches, moves from a saturated
region of its hysteresis loop out onto a steep region and demands power
to supply its switching losses, it does so by raising its impedance as
seen by the driving winding. For this reason, it is best driven by a
current source. A ferroelectric condenser, as it switches, lowers its
impedance when it requires more power, and therefore should be driven by
a voltage source. If driven by the incorrect source, both the magnetic
core and ferroelectric condenser may switch quite slowly, the switching
speed being limited by the source and not necessarily by the physical

properties of the material.
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Information is stored in a magnetic core in the form of remanent
flux, either in a positive direction or a negative direction. Changes in
the stored information (changes in the flux) manifest themselves as voltages
across a winding on the magnetic core. Therefore, a voltage detector is
needed to detect information changes in a magnetic-core circuit. A ferro-
electric condenser, on the other hand, stores information in the form of
a remanent electric charge. Changes in the stored information (changes
in the charge) allow currents to flow in the condenser circuite A current
detector is therefore neede& to detect information changes in ferroelectries.

With this dualism in mind, we can explore the possible applications
of ferroelectrics to digital information storage and switching circuits which
at present involve magnetic coress Two additional characteristics of ferro-
electrics which distinguish them from magnetic cores must be kept in mind:

l. Because Div B = 0, one must provide a closed path for the
lines of flux in a magnetic circuit, particularly if one desires a rec-
tangular hysteresis loop. For tyis reason, magnetic cores in this applica~-
tion are usually made in the shape of rings or toroids. An electric field,
however, can terminate on any charge-carrying material; this fact allows
ferroelectric condensers to be made in the form of thin sheets with elec-
trodes plated, or fired, on the sides.

Information is ordinarily transferred in a digital information-
handling system in the form of electric pulses. With magnetic cores, a
transformation between an electric field and a magnetic field must take
place when information is being stored and again when it is being read.
?erroeléctrics. however, store information in the form of an electric

charge; this fact relieves ferroelectrics of the difficulties involved in

obtaining flux linkageseo




Report B-212 i

20 During switching from one remanent state to the other, or
more simply, when the sign of the remanent flux or charge is being changed ,
energy is dissipated. On a per-unit-volume basis, ferroelectrics often
have an energy loss due to switching more than one hundred times that of
the ferromagnetic materials. This poses a heating problem due to switching
losses. Fortunately, the thin-sheet fabrication of ferroelectrics facilitates
cooling. This large difference in switching loss is illustrated in Table I.
Losses for the various materials are computed as twice the product of thq

remanence times the coercive force, and as such are but approximations.

Table 1 Loss Comparison
T=25¢C Material Approxima}:ulizr:t;z;gsis Loss
Ferro- BaTiO3 single crystqls1 5,000
$Jnehric BaT10, ceramic® 15,000
Deltamax3 23
Silectron3 - 302
4-79 Molybdenum Permalloy 2164 11
Ferramic5 A 36
Ferro- (Ferrite) B 40
magnetic c 90
D 21
E 20
G 4
H L
Key

l. M. I. T. Laboratory for Insulation Research

2. The Glenco Corporation, Metuchen, New Jersey

3. Allegheny Ludlum Corporation, Brackenridge, Pa.

4, ARMCO Steel Corporation, Middletown, Ohio

5. General Ceramics and Steatite Corporation, Keasbey, New Jersey

Both ferromagnetic and ferroelectric materials operate as such
only below a certain maximum temperature. This temperature, known as

the Curie tem&erature. or Curie point, is the temperature at which the
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dipole domains within the material are no longer able to spontaneously

align themselves against the randomizing action of thermal vibrations.

At the Curie temperature, the hysteresis loop disappears. For pure barium
titanate, the Curie temperature is approximately 120 C, and impurities or
additives have been observed to lower it. Most of this thesis investigation
was carried out on a barium titanate ceramic body designated "X-18%, made

by the Glenco Corporation of Metuchen, New Jerseye This body, containing
certain additives, was selected because its hysteresis loop is slightly
more rectangular than that of ordinary barium titanate ceramics. Because-.
of the additives, the Curie temperature is lower than 120 C (Fig. 2).

The lower Curie temperature of barium titanate is a disadvantage
in applications in which the dielectric must exhibit a hysteresis loop dur-
ing operation, especially in view of the high switching loss which leads
to dielectric heating. Long before the Curie temperature is reached,
however, many changes occur in the electrical characteristics of barium
titanate. These changes with temperature are not very evident from the
sequence of hysteresis loops shown in Figure 2, but the tests of Chapter Il
of this thesis show what a radical effect the temperature can have on the
pulsed characteristics of the material. As already mentioned, it is
fortunate that the thin sheets of ceramic, as the material is usually
fabricated, are in a form which can be easily cooled.

An additional factor to be considered in engineering designs
employing ferroelectric ceramics is long-term drift, or aging, of the elec-
trical properties—a problem which is shared by ferromagnetic materialse

R:hanovu’s has reported temporary changes in the shape of hysteresis loops

4o A. V. Bzhanov, Zhur Bxsp. Teoret, Fiz. 19,335-45 (1949). Reported in
English by reference 5.

5o Do R. Young, "Temporary Enhancement of Hysteresis Loops in Barium Titanate
Samples,” The Journal of Applied Physics, Vole 22, No. 4, (April 1951).
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due to high-field excitation ‘above the Curie Temperature, followed by a
slow drift back to normal with a time-constant of the order of 100 hours.
In this thesis investigation, certain f_erroelectric condensers were observed
to acquire asymetric properties, as though a "™uif-in® bias were present,
upon sitting idle for several days.

Figure 4 shows the samples put to test in the thesis investigation.
The various samples are:

A, Glenco body "X-18% — ,025" thick, silver paste electrodes.

B. General Ceramics and Steatite body #66431 varions sizes and

thicknesses, silver paste electrodes.

Co. Glenco body "X-18% — o,010" thick.

D, Glenco b;:dy *X-48® — o,010" thicke

E. Body made from Ticon B (Titanium Alloy Manufacturing Company,

New York, N. Y.) by the Electrical Ceramics Laboratory of
the Mo I, T. Laboratory 'for Insulation Research.

F. Glenco bodies "X-48% and *X-18%, .010" thick with evaporated

silver electrodes.

In spite of the present limitations of barium titanate ceramics,
the use of the material for pulsed operation in digital information-handling
systems poses exciting possibilities. As will be shown, circuit components
made with barium titanate ceramic promise unigque and compact packaging plus
very rapid operation. In addition, the material can be easily fabricated
and promises to be most inexpensiveo

Chapter 11 of this thesis describes methods, equipment, and the
results of pulse tests performed on barium titanate ceramics, while Chapter
111 describes a proposed ferrcelectric two-dimensional matrix memory and

Chapter IV describes a multi-position ferroelectric switcho
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CHAPTER 11
PULSE TESTING OF YERROEIECTRICS

A. PULSE METHODS VS. STEADY-STATE METHODS

Dielectrics can be studied by pulse-test methods, by sipusoidal
steady-state test methods, or by a combination of the two. In pfinciple,
the same information can be obtained from any of these test methods.6'7'8
Because the comparison of information obtained from one method with that
obtained from another is often mathematically difficult, it is usually
desirable to test a dielectric by the method most closely approximating
the conditions under which that dielectric will be called upon to operate.
Ferroelectrics for digital information storage and uwifching will probably
be pulse-operated. Pulse testing, therefore, naturally suggested itself
as the proper method for evaluating ferroeiectric materials for use in these
applications. The application was the prime factor in the selection of the
test method.

Pulse testing has at least three additional advantages over the
other test methods:

l. Between pulses, an arbitrary length of time can be allowed for
cooling of the dielectric. Although switching power is high during a pulse,
a pulse-repetition frequency can be chosen which is low enough that heating
of the dielectric is negligible. The minimization of heating during the

experiment is especially important for the barium titanate ceramics which

were studied becanse ﬁhair electrical properties vary remarkably with

6. B. Gross, "On the Theory of Dielectric Loss," The Physical Review, Yol. 59

7. M. ¥. Manning and M. E. Bell, *Dielectric Theory and Insulation," Reviews
of Modern Physics, Vol. 12, pe 215, (1940).

8. Unpublished papers of Professor A. R. von Hippel, laboratory for Insulation
Research, Massachusetis Institute of Technology, Cambridge, Massachusetts

Ve
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femﬁeratureo During the course of the thesis it was suggested . .
' that the high-field-strength relaxation spectrum (plot of dielectric
constant versus frequency) as obtained from steady-state measurements be
compared with the relaxation spectrum as computed from pulse measurementse.
It was concluded that heating of the dielectric would prohibit high-field-
strength steady-state measurements. In fact, the small condenser shown
gt A in Figure 4 (l-square—icentimeter electrodes on the ﬁwo sides of a:
0.025-inch sheet) would dissipate over 1,000 watts in a field of 8.2 volts
per mil at 106 cycles per second--providing that it remained at room
temperature, It would be difficult, if not impossible, to control the
temperature while ma.king'a measurement of the dielectric constant. In
addition, there would be driving difficulties. This brings up the second
point,
2o Pulse-test equipment also can rest between pulses. Although

‘ . the equipment must be capable of supplying the peak pgwer demanded by a

ferroelectric sample as it switches, the average power can be quite lowe.

Large pulse energies can therefore be supplied to a sample with rather 3

modest equipment.

3. Breakdown of the dielectric caused by heating (such break-
down is believed to occur in many dielectrics) is prevented by the use of
pulses so short that the dielectric does not overheat. Elimination of
thermal breakdown as a causefor failure of the dielectric then allows pulse
voltxa.ge amplitudes to be applied which exceed the steady-state breakdown
voltage of the dielectric. Pulse measurements can thus be extended into a
region not accessible to steady-state measurementse
B, FPULSE TESTS OF THIS THESIS

In the pulse tests a ferroelectric condenser is subjected to

. voltage pulses of adjustable amplitude and of either polarity in a meaningful

sequence. Two sequences were chosen for the tests (Figure 5). The first,
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‘ designated Mode A, was designed to study the switching speed and the
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switching losses of a ferroelectric. The second, designated Mode B,

was designed to evaluate various ferroelectric materials for use in the
two-dimensional ferroelectric memory described in Chapter III of this
thesis.

Almost as important as the results of a test is a'careful
descriftion of the techniques andlequipment employed , with special atten-
tion to the limitations of the equipment. All too often important effects
are masked or blurred by inadequate amplifier bandwidths, and anomalies
are introduced which are peculiar to a particular testing sequence. There-
fore, before a discussion of the results of these tests, a description of
the tests and of the equipment will be given.

1. Mode A Tests

. Mode A tests éubject a ferroelectric condenser to a pulse
sequence consisting of four positive'pulses followed by four negative pulses.
The first positive pulse and the first negative pulse reverse fhe polérity
of the remanent charge, thereby switching the ferroelectric and producing
a switching transiento The remaining three positive pulses and the remain-
ing three negative pulses.find the material already switched, and thus they
prgduce non-gwitching trangientg. In computer terminology the switching
transient is called a ONE, while the non-switching transient is called a
ZERO. In addition, the positive pulses are arbitrarily called WRITE pulses
and the negative pulses are called READ pulses. The significance of these

terms will become clearer during the discussion of information storage

in Chapter III, For the present, it will be sufficient to make the observa-
tion that a WRITE pulse will result in a ONE transient if preceded by &
READ pulse and a ZERO transient if preceded by a WRITE pulse, while a READ

pulse will result in a ONE transient if preceded by a WRITE pulse, and a
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ZERO transient if preceded by a READ pulse. The pulse sequence and result-
ing transient sequence can then be written (Table II) for Mode A tests.
(The ONE and ZERO are qualified by the word UNDISTURBED, the reason for

which will be given in the next section.)

Table 1I Mode A Test Sequence
Pulse Transient
1l WRITE UNDISTURBED ONE
2. WRITE UNDISTURBED ZERO
3o WRITE UNDISTURBED ZERO
L4, WRITE UNDISTUHBED ZERO
50 READ UNDISTURBED ONE
6. READ UNDISTURBED ZERO
7. HEAD UNDISTURBED ZERO
8. READ UNDISTURBED ZERO
etco

20 Mode B.Tests

Mode B tests subject a ferroelectric condenser to a sequence
of positive and negative pulses of ggg amplitudeso The larger amplitude
pulses are called WRITE pulses if positive and HEAD pulses if negative,
just as in Mode A tests. The pulses of lesser amplitude are called 3
+ DISTUEB if positive and —DISTUEB if negative. These disturbing pulses
are inserted between a WRITE and a READ pulse to test the ability of a
ferroelectric condenser to retain a remanent charge under the operating
conditions to which it would be subjected in the ferroelectric matrix
memory described in Chapter III., Further discussion of Mode B tests along
with the results of Mode B tests follow the memory discussion in Chapter III,
For the present, it will bokluffiailnt.toﬁdefine a DISTURBED ONE as the
transient associated with a READ pulse which follows a WRITE pulse if one

or‘more —DISTURB pulses have been inserted between the WRITE pulse and
the EEAD pulse. The pulse sequence and resulting transient sequence can
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then be written for Mode B tests (Table III),

Table 11X Mode B Test Sequence

I Pulse Transient
"l, WRITE UNDISTUREED ONE
2. WRITE UNDISTURBED ZERO
3 WRITE UNDISTUHBED ZERO -

4, + DISTURB |+ DISTUHB TRANSIENT
5, —DISTURB | ~~DISTURB TRANSIENT
6o —DISTEB | —DISTURB TRANSIENT
70 =—DISTURB | —DISTURE TRANSIENT
8. EEAD DISTURBED ONE

etco

Co EQIPMENT
1, The Perrcelectric Pulse Tester

The basic ferroelectric ﬁalse«»test circuit is shown in Figure 7A.
A large condenser is used as the voltage so1|1rceo and a thyratron is used as
the switcho A small series resistance allows the transient current to be
measured, and a large resistance in parallel with the ferroelectric conden_l/er
under test all;wa the circuit to stabilize after the thyratron is extinguished,
with zero volts across that céndensero

The large condenser is chosen with sufficient capacity 80 that it
loses but a small part of its charge, and therefore but a small part of
its voltage, during the pulse (Figure 7B)o The thyratron plate drops to
V, when the thyratron fires (Figure 7C). The voltage which is applied to

t
the condenser under test is the difference between the voltage across the

"large condenser and the voltage across the thyratron and small resistance.

(Figure 7D).
Pigure 8 is a block diagram showing the way in which the sequences
!

of pulses are generated. A low-frequency pulse generator operates an

electronic counter which counts ni) to four. Omn every count, the oscillescepe
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is triggered and, after a short delay, the thyratron switch is fired, On

the count of zero the polarity of the condenser under test is reversed.

If making Mode B tests, the voltage is changed from the read-write voltage to
the disturb voltage, or vice=versa, on the count of three, The thyratron
switch is extinguished a short time after it is fired,

Figure 9 is a circuit schematic of the ferroelectric pulse tester,
The polarity-reversing switch and the voltage-selection switch consist of
relays actuated by thyratron flip-flops, The thyratron switch is fired by
a positive pulse on its grid, in the usual fashion, and it isrext;nguished
by a second positive pulse on the same grid, It was noticed that when a
capacitively leaded thyratron is operating in the low-current region (close
to minimum current) it may be extinguished by a positive grid pulse, This
phenomenon was not found in the literature, The following explanation is
thought to describe what takes place: The plate is held at Vt’ the thyratron
voltage drop, during the grid pulse, The grid pulse;, which drives the grid
more positive than the plate; causes the space charge to drain off onto the
grid, thereby deionizing the discharge region., The grid then starts nega-
tive and is able to reach its negative bias voltage before the tube can
refire, because firing is very slow at such a low plate voltage, Once the
thyratron is extinguished, the plate voltage rises exponentially to the read-
write voltage or disturb voltage, whichever happens to be selected.

The rise time of the voltage step applied to the sample under test
is approximately 0.l microsecond; and a pulse length of 100 microseconds is
commonly used in the tests. Although the pulse has a short rise time, it
has a fall time-constant of about 100 microseconds, A pulse-repetition
frequency of 70 per second was used.

The method described for extinguishing the thyratron switch has

the rather fortunate advantage that the extinguishing pulse does not show up
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. to any extent across the sample under test. All other methods for extinguish-
ing the thyratron which were considered consisted of driving the plate nega-
tive with respect to the cathode, resulting in an unwanted extra pulse across
the sample in the same direction as the first pulse,

The large resistor in parallel with the sample under test (Figure 9)
is made with three identical resistors in series. Coupled directly to the
oscilloscope vertical deflection plates, these serve as a voltage divider
of the proper size to permit observation of the applied voltage step.

2. The Oscilloscope

The oscilloscope used throughout the thesis investigation was
a Browning Model OL-15A (Serial #41)., Waveforms of voltages applied to the
various ferroelectric samples were observed by directly coupling these
voltages into the vertical deflection plates; whose measured deflection

. sensitivity is 67 volts per inch, Switching waveforms were observed

using the vertical amplifier, whose maximum deflection sensitivity is 0.1k
volts per inch and whose,freqnehcy response is flat within + 10% from 20
cycles per second to L megacycles per second, Voltage measurements, when
the amplifier was being used, were made by comparison with a built-in
calibration voltage which is direct reading in peak-to-peak volts, Switching=
time observations were made using a driven (triggered) sweep whose measured
sweep speeds are O.L45, 0.96 and 4.8 microseconds per inch.

3, The Sample Holder; Temperature Measurement and Control Apparatus

Figure 10 is a photograph of a ferroelectric sample being tested,
The sample is mounted in a holder and submerged in Dow 550 fluid (Lot BB=86),
a Silicone oil, All measurements versus temperature were taken with fall-
ing temperature starting at 125 C., A mercury thermometer was used for
temperatures about 0 C and a pentane thermometer below O C, Dry ice was

added to the oil in chuncks whenever measurements were made below ropm tem-

perature,

BT RN e L L R B S i




Report R-212 wllie

D, RESULTS OF MODE A TESTS

As already mentioned, the results of Mode B tests are deferred
until Chapter III because Mode B tests are so intimately connected with
the ferroelectric matrix memory, Here, the results of Mode A tests are
discussed,

With a given condenser in the sample holder, two parameters were
variable in the experiments:

1. Pulse amplitude
2. Temperature

Measurements were made as a function of one of these two variables with the
other held constant., Figures 11, 12, and 13 are photographs of the switching
transients at constant pulse amplitude (8.2 volts per mil)., They are in-
cluded as an example of the many runs made, so as to show the approximate
shape of the switching transients and the remarkable temperature dependence
of the transient shapes. The two lines in each photograph are actually the
result of the eight traces of the Mode A. test superimposed. The current is
measured at a point in the circuit at which it is always of the same polarity.
Two UNDISTURBED ONE's merge in the larger of the two transients, and six
UNDISTURBED ZERO's in the smaller for every major cycle of eight pulses.

Because the applied pulse is a constant-voltage pulse, the area
under these transients has the dimension of energy. The area under the
larger transient is a measure of the energy associated with the ferro-
electric condenser switching, while the energy under the smaller transient
is the non-switching energy.

The difference in area between the switching transient and the
non-switching transient is what we shall here define as the dielectric

switching loss. This area, as shown in Chapter III, is somewhat related to

our ability to discriminate between the switching transient and the non-

switching transient,
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1, Dielectric Switching Loss as a Function of Temperature at
Constant Pulse Amplitude

With the difference of these two areas taken as a measure of the
dielectric switching loss, this loss is plotted as a function of temperature
for Glenco body "X-18" 'Figure 1) at three pulse amplitudes. The loss is
divided by the volume of the sample used so as to yield joules per cubic
meter, As can be seen, the switching loss varies with temperature., It is
roughly constant in the region between =30 C and room temperature, at which
point it drops off. At about 70 C it reaches a second, smaller peak and then
goes to zero at the Curie temperature.

It is interesting to note that approximately the same dipping curve
of loss versus temperature has been observed with stead-state loss-tangent
measurements at moderately high field strengths, Such a curve has been in=-
cluded (Figure 15) for comparison,

The hysteresis loops at various temperatures of Figure 2, taken at
250 cycles per second for the same material, do not seem to show this dipping
curve, This points up the fact that hysteresis loops can be used only as a
rough indication as to the probable pulsed characteristics of a material.
Vertical movements on the hysteresis loop are made up of a combination of
reversible and irreversible changes. One does not know at any instant of
time what portion of the integrated changes up to that time are reversible
and what portion are irreversiblej from an arbitrary point on the hysteresis
loop, one does not know in advance what the exact path of the trace would
be if the field were suddenly removed, Since it is the irreversible changes
which contribute to the loss, the poor correlation between quasi=-static
hysteresis loops and the pulsed characteristics is understandable.

2, Approximate Switching Time as a Function of Pulse Amplitude at
Constant Temperature

Of concern to the engineer who is to use ferroelectrics in pulse-

operated circuits is the speed with which they can be switched. The switching
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speed has been observed to be a function of the amplitude of the applied
pulse., Figure 16 is a plot of switching speed versus pulse amplitude for

a piece of Glenco body "X-18" barium titanate ceramic 0.025-inch thick with
0.006-square-inch silver-paste electrodes fired on opposite sides. The
pulse amplitude has been converted to volts per mil (1 mil = 0.001 inch)
rather than MKS units because thin barium titanate ceramic sheets are spoken
of as being "so many mils" thick, not only by the manufacturers, but also by
nearly all users. Included in Figure 16 is a plot of the approximate length
of the non-switching transient.

It is difficult to define switching time; hence, the qualification
"approximate", In the data presented in Figure 16, the switching time is
defined as that time required for the transient to fall from its peak
amplitude to 10% of its peak amplitude. The 10% level would correspond to
2.3 time-constants if the transient decayed exponentially, and we could
then say that the transient is substantially over at about twice the
switching time of Figure 16, five time-constants being the usual allowance.
The transient is far from being exponential in shape, however. On tracing
paper, exponentials of various time-constants were drawn whose initial
amplitudes corresponded to the initial height of the transients in the
photographs of Figures 11, 12, and 13. An attempt was then made to match
up each transient_with the exponential most closely resembling that transient,
but with little success. It was concluded that all switching-time definitions
were equally poor but that a consistent definition allowed a plot to be made
which at least indicates the order of magnitude of switching times, and which
in the case of this barium titanate ceramic shows that it indeed switches

rapidly enough for our present applications.

Vror high pulse amplitudes, Figure 16 shows that switching time seems

to asymptotically approach a lower limit in the region of 0.25 microseconds.
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. Low-field-strength bridge measurements indicate a drop-off of the dielectric
constant of barium titanate between l@a and lolo cycles per secondo This would
predict a much faster switching time than that observed. The measurements
strongly suggest that switching of the dielectric involves a much slower

mechanism than the one studied with low-fisld-strength bridge measurements.

3o Approximate Switching Time as & Functiom of Temperature at
Lonstant Pulse Amplitude

A glance through the sequence of photographs ef Figures 11, 12,
and 13 will show that at & constant pulse amplitude the shapes of the
transients vary with temperaturs. An attempt has been made, once again,
to define a switching time so as to measure to some extent the changs im
the transient waveshape with temperatureo. Figure 17 is a plot of switching
time versus temperature at two pulse amplitudes for a piece of Glencoe body
‘ *X-18" 00,025=inch thick with 0.0l5-square-inch silver-paste electrodes fired
on opposite sideso The data were taken from two of the runs of photographs.
The two dotted regions are where the complete transient did not get in the

picture. The plot gives a rough indication as to the temperature variance

of switching timeo
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CHAPTER III

‘THE FEBROELECTRIC MEMORY

Figure 19 is a photograph of a 6l-cell ferroelectric memory. The
part which actually stores information is the one-inch square of thin barium
titanate ceramic on the top shelfo, The compactness and simplicity of a
ferroelectric memory along with the promise of high operating speed was
the prime motivation behind this researcho In the following paragraphs,
it will be shown how information can be stored in ferroelectrics, why this
particular design was chosen, how the matrix memory works, and how well it
might worko It must be said parenthetically that the memory shown in
Figure 19 does not actually work, but that a material has been uncovered
which is on the borderline of suitability for the applicationo. The batch
of material from which the memory of Figure 19 was made later‘turned’oux
to have electrical properties inferior to those of previous samples of the
same materialo
A, INFORMATION STORAGE IN FERROELECTRICS

Digital information, when presented in binary form, consists of
a group of elementary yes or no answers, commonly called ONE's and ZERO's,
which can be stored in a group of bi-remanent devices. A ferroelectric
condenser is one such device, the remanent charge having always one of two
polarities. We can arbitrarily define a positive remanent charge as &

ONE and a negative remanent charge as a ZERO, We then can say that a

ferroelectric condenser ®*remembers" a ONE or a ZERO which has been placed

in ite To recover the stored information-—that is, to read the bi-remanent

storage device--we have merely to apply a reference pulse and then observe

the nature of the resulting transiento Let us arbitrarily say that the

reference pulse, or READ pulse, is negativeo 1f the condenser contains a
=18=
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ONE, we will observe a switching transient (undisturbed ONE) when the
reference pulse is appliede If, on the other hand, the condenser contains
a ZERO, we will observe a non-switching trangient (undisturbed ZERO). The
ability of a given ferroelectrit condemser to store info_rmg‘ltion. therefore,
depends upon our ability to discrimimate between these two kinds of
transientss This we can doe

Application of a READ pulse to a ferroelectric condenser leaves
that condenser in the same remanent state (containing a ZERO) regardless
of whether it contained, just prior to application of the EEAD pulse, a
ONE or a ZERO, The information is therefore destroyed during readinge
A memory which is read in this way is said to have a destructive reade
We must replace the information by re-writing. This is accomplished
by following each ONE transient by a WRITE pulsee
B. SELECTION OF MATRIX LAYQUT FOR MEMORY

Having a method for storing and reading inforntion.'howover.
is but the first step in the design of a working memorye It has become
increasingly clear as digital information handling systems have developed
that the most difficult problem for which to find an economical solution
is that of selecting among the storage cells of a memorye Certain of the
completed memories have found their solution in making time one of the
coordinates in the selection of memory cellse fhe mercury-delay-line and
the magnetic-drum memories fall into this category. For the attainment
of truly high-speed operation, however, a raniom-access memory in which time
is not one of the selection coordinates is felt to be necessarye The
electrostatic storage tube as used in the ¥Whirlwind computer is one of
the few working memories to fall into this latter categorye

The possibility of locating the storage elements in a multi-

dimensional matrix where selection is inherent in the storage elements
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themselves is a recent and most promising scheme for solving the selection

9.10 This basic idea is being investigated for ferromagnetic storage

problemo
using a matrix of small toroids at the M. 1, T, Digital Computer Laboratorye
1t will now be shown how the same basic idea can be used for ferroelectric
materials, as first suggested by Jay W. Forrester. The three-to-one
selection scheme to be described was the outgrowth of work done by Re Re
Evbrettoll
Co DESCRIPTION OF THE MATRIX MEMORY

An economical method for selection among N objects is to arrange
them in a square matrix so that by the selection of one row and one column
the object at the intersection of that row and column is selectede The
selection problem is at once reduced from selection among N objects to
the problem of making 2 selections, each from among N objects —= one to
find the proper row and one to find the proper column. How this method
can be used to select among the storage elements of a memory, which i; this
case are ferroelectric condensers, will now be showne

Consider the square n-by-n matrix of ferroelectric condensers
shown in Fige 2la. Having selected a single row and a single column, one
may redraw the matrix as it is seen looking between this row and column.
As can be seen (Fige 21b), the selected condenser lies between the selected
row and the selected column, In addition, condensers connect the selected

row to each of the unused columns and the selected column to each of unused

rowse Finally, there is a condenser between each unused row and each

90 Jay We. Forrester, "Digital Information in Three Dimensions Using Magnetic
Cores®, Project Whirlwind Report R-187, (Septombor 8, 1950), Ml oTe Servo-
mechanisms Laboratorye

10¢ Wo No Papian, "A Coincident-Current Magnetic Memory Unit", Project
Whirlwind Report B-192, (September 8, 1950), Mol «Te Servomechanisms Laboratorye

1le Re R. Everett, "Selection Systems for Magnetic Core Storage®, Project
Whirlwind Engineering Note 1-413..(August 7 1951), Mel.Te Servomechanisms

Laboratorye
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unused columno

Regardless of what voltages are applied to the selected row
and the selected column, the unused rows will all be, by symmetry, at the
same potential, and the unused columns will likewise be at the same potential.
We can therefore, for this analysis, join the unused rows and sum the
parallel condensers (Figo 2lc)o Similarly, we can join the unused columns.
We now see that a voltage applied between the selected row and the selected
column will be directly across the selected condenser. In addition, this
voltage will split among the three summed condensers, giving each of them
a lesser voltage. The greatest of these lesser voltago; is defined as the
disturbing voltage, and the ratio of the voltage on the seloctgd condenser
to the disturbing voltage is defined as the selection ratioe

The summed condenser which joins the unused columns and the
unused rows is n-1 times as large as the other two summed condensers.
1f the unmused rows and unused columns are left floating (Fige 22a), a
voltage appears across this large condenser equal to 1/(2n-1) of the
voltage across the selected condenser. Across the smaller summed condensers
a voltage equal to (npl)ﬁ(Znnl) of the voltage across the selected condenser
appearse Thus the selection ratio is 1 3 (n-1)/(20-1)e F¥or a 2 by 2 matrix,
the ratio becomes 1 : 1/3 (three-to-one), and as n becomes large the ratio
rapidly approaches 1 : 1/2 (two-to-ono)o Thigs is illustrated by the Table IV,

Pable IV Selection Ratio ws Matrix Size

MATRIX SIZE SELECTION RATIO
2. x32 3000 ¢ 1
322 2050 ¢ 1
b x4 2:33 ¢ 1
5% 5 2025 3 1
6 x6 2420 1)
2.x7 217 2 1
8x8 2.1 5 1

16 x 16 2,07 s 1
©0 x oP 2200 3 1
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Grounding the umused rows and unused columns (Fige 22b) causes
zero voltage to appear across the large condenser and a voltage of one-half
to appear across the small condensers. The selection ratio is always 2 : 1
with this scheme regardless of the size of the matrixe

Presumable we would always be somewhere between these two
cases, depending upm the internal resistance of the source used to apply
voltage to the leadso, For a matrix of size 16 by 16, the first scheme
gives 2 selection ratio of 2% : 1 and the second a ratio of 2 : 1, a
difference of 3%c It therefore appears that the internal resistance of the
voltage source has little effect upon the operation of the matrix for sizes
which at present seem to be desirable.

A third scheme for driving the matrix appears to be promisinge
Instead of letting the unused rows and columns float or be grounded, the
selection ratio can be improved by driving the unused rows and‘columna to
voltages such that the voltage across the large summed condenser just
equals the voltage across each of the smaller summed condensers (Fige 22c)e
Although this scheme involves additional driving problems, it makes the
selection ratio 3 : 1 regardless of the matrix size. This means that the
hysteresis loop of the ferroelectric material need only be capable of dis-
criminating between two voltages which bear a three-to-one relationship

to each othere

Selection of a row and a column allows us to apply a READ or WRITE
voltage to one condenser in the matrix while applying a lesser DISTURB voltage
to other condensers in the matrixe. Figure 20 illustrates the requirements
placed on the hysteresis loop by this type of operations The elementary
ferroelectric condenser in the matrix must be able to switch when a READ
palse or a WRITE pulse is applieds At the same time it must be able to

retain substantially all of its remanent charge during the application of
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& large number of DISTURB pulsess The tests described, designated as
Mode B, were specifically designed to test a material for this applica-
tione

D, MODE B TESTS

As already mentioned, our ability to read information out of a
memory is the true measure of the memory's ability to retain information.
If the momofy° under a large number of disturbances, loses most of its
remanent charge and yet we are able to reliably determine the algebraic
sign of what little remains, we may have a working memory. It has been
the observation thus far, however, that our ability to read out of the
memory, that is, to discriminate between the two kinds of transients, is
the weak link in the systeme On a peak-amplitude basis, discrimination is
completely out of the question (glance at photographs in Figs. 11, 12, 13).
A more fundamental basis for discrimination is a comparison of the areas
under the two transients, such as an integrator would seeo Figure 24 is a
plot of tﬁis area ratio versus temperature for Mode A operation (ne dis-
turbances) at 8.2 volts per mil for Glenco "X-18" barium titanate ceramice
The four-to-one area ratio is just barely usable for reliable discrimination.
When disturbances are inserted between WRITE and READ, however, this ratio
falls to a low value, defying discrimination.

As we look at the transients in search of a means to discriminate
between them, we notice that the most striking difference is in their
waveformse There is a time, about a microsecond or so after the waveform
starts, when the non-switching transient has dropped almost to zero and
the switching transient, due to its slowness, still has considerable ampli-
tude. If the waveform is sampled at a time when the amplitude ratio between
the two transients is a maximum, good discrimination is possible.

The problem of detecting the current transient on the selected
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. row (or column) of a matrix is nicely handled by transformer couplinge
Using single-turn coupling, wires to all of the rows can be threaded
through a ring-shaped magnetic core (¥ig. 25C lower)s A secondary wind-
ing can then be coupled into a sensing circuite If half of the wires are
threaded through in one direction and half in the other direction, the
small unwanted transients on the unused rows will tend to cancele With
this latter arrangement, however, the sensing amplifier must be prepared
to look at either a positive-going waveform or a negative-going waveform
due to the transient in the selected rowe

The upper nins photographs (3 x 3 matrix) of Figure 25A is an
introduction to the Mode B measurementse The left-hand column are Mode A
waveforms for a 100-volt EEAD-WRITE pulse. The pulse itself is shown in the
top row, the transient 2s seen across a resistor in the middle row, and the

. transient as seen when transformer-coupled in the bottom rowe The middle
column is an identical sequence for a 50-volt DISTURB pulse, once again
Mode Ao The right-hand column is the 100-volt HRAD-WRITE pnlsg and the
50-volt disturd pulse superimposed in a Mode B test. The details of
the transformer coupling is shown in the upper part of Figure 25C. The
sample used in these tests is a piece of Glenco body "X-18".

The lower photographs of Figure 254 illustrate the time-amplitude
discrimination principle. Due to transformer coupling, the UNDISTUHBED
ONE and DISTURBED ONE are of opposite polarities.

Pigure 25B is a sequence of photographs showing the drop in ampli-
tude of a DISTURBED ONE as the amplitude of DISTURB pulses is increased.
The READ-WRITE voltage is held constant. It can be seen that with this
material a 3 : 1 selection ratio will allow discrimination whereas a 2 : 1

. gelection ratio will note

1t was found that most of the loss of amplitude is due to the

D R i e
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first DISTURB pulse. All changes in charge due to DISTUEB pulses are

either of a reversible or an irreversible natureo Those of an irreversible
nature cause the remenant charge t§ diminish, while those of a reversible
nature cause no loss of remanent charge. It appears as if the first DISTURB
pulse ®uses up" all, or nearly ail, of the irreversible changes so that
subsequent DISTURB pulses cause little or no further diminution. To test
this hypothesis, the Mode B test was temporarily modified to give twice as

many DISTURB pulseso The change in the DISTURB ONE waveshape whem this

change was made was less than the width of the scope trace.




Report R-212 %

CHAPTER 1V

THE FERRCELECTRIC SWITCH

A multi-position ferroelectric switch is proposed which can
accomplish many of the switching tasks in an inf;;mation handling systemg
in particular, it can select among the rows and columns of a ferroelectric
memorye The logical circuitry of the ferroelectric switch can be painted
directly onto the two sides of a thin ferroelectric sheeteo

The non-linear electric displacement-versus-field characteristics
of a ferroelectric can be utilized to construct a condenser whose capacitance
is a function of the applied voltage. This phenomenon, which makes possible
the operation of a dielectric amplifier,lz'l3 is the basis for the ferroelectrie
switche Figure 26 illustrates the operation of the basic switch element—-a
simple R-C filter which uses a non-linear condenser as its series branche.
With no direct voltage across the condenser (Fige 26A), the circuit behaves
like any ordinary Tsection R-C filter with the exception that distortion will
result if the input voltage is large enough to drive the dielectric out of
its linear region. Transfer characteristics are shown for simusoidal exci-
tations If a bias voltage Vc is inserted in the circuit as shown (Fig. 26B),
the operating point for the transfer characteristics is shifted to a new
point-on the charge-versus-voltage characteristics of the non-linear condenser.
At this new point, the condenser has a much lower capacity and, therefore,

the filter characteristics are changed in such a way that the output

12, Shepard Roberts, Barium Titanate and Barium-Strontium Titanate ag Nom-
Linear Dielectricsg, MeloTo ScoDo Thesis, Department of Electrical

Engineering (1946).

13. Develomment and Application of Barium Titanate Ceramics as Non-Linear
Circuit Elements, Final Report Contract Noo W36-039 sc-44606 File Noo
19028-PH-49-5(4060) Glenco Corporation (August 15, 1950)e

=26
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diminishes in amplitudeo With a fixed-alplitndo input voltage, then, the
output voltage can be changed by varyinghthe bias voltage 15. For ferro-
electric switch operation, we need but two values for Vc: when Ié = 0 the
switch is ON, and when Ic is equal to some fixed value high enough to bias
the dielectric well into its saturation region, the switch is OFF,

Figure 27A illustrates a two-position ferroelectric switche The
two non-linear condensers are made as a single unit by firing a large
electrode on one side of a ferroelectric sheet and two smaller electrodes
on the opposite sideo With S in position shown, output 2 is biased OFF,
and output 1 is ONo In the opposite position, output 2 is ON.

Figure 27B illustrates an eight-position ferroelectric switcho
Operation of the first stage, 9oﬁtrolled by Sl. is the same as the two=
position switch. Subsequent stages, however, have the lower ends of their
resistors connected so that the even resistors are connected to ground when
the odd resistors are connected to Ié“ and the even resistors are connected
to Yc when the odd resistors are connected to ground. There are eight
possible paths through the switch (Figo 28) only one of which will have
all of its condensers ON, With Sl. Sz, and S3 of the eight-position switch
get as shown, output zero is ONo Outputs 1, 3, and 7 have one condenser
OFF, outpats 2, 4, and 6 have two condensers OFF, and cutput 5 has all thres
condensers OFF. The mumber of OFF condensers among the cutputs follows a

¥inomial distribution (Table V).

Table K_ng;ggﬁggj;;gws t sis
All One Two Three | Four | Five
s | QIr | QFF orr | ONF | OKF.
L4-position switch 1l 2 1l
8-position switch 1 3 3 1
16-position switch 1 b4 6 L 1
32-position switch| 1 5 10 10 5 1
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i

' | Successful operation of the switch postulates that a single OFF
condenser leading to an output will cause that output to be GFFo' To test
this, an eight-position switch was constructed (Fig. 29) using a thin
(00025-inch) sheet of barium titanate ceramic (Glenco body "X-18%), All
of the non-linear condensers were placed on the same sheet by firing
electrodes on the two sides as showno The signal enters the sheet via a
large fired electrode (back view)s Two electrodes match this input
electrode on the opposite side (front view). Among the two condensers
thus formed, one will always be OFF and one will always be ONo Bach of
these two electrodes is enlarged to match up with two electrodes on the
opposite side yhich are alongside the input electrodeo One of each pair
of this third éet of electrodes will be OFF, Finally the signal goes
through the dielectric a third time coming out on one of the eight small

' electrodes (front view)o
The operation of the switch is illustrated graphically by Fig. 30e
With a constant-amplitude sine-wave input of variable frequency, the rms
output at terminal 7 was measured as a function of frequency for each of
the eight possible combinations of Sl, Sz, and 830 At 800 cps, the best
operating frequency for this particular design, the ratio of ON voltage
to the highest OFF voltage is greater than three to one. This operating
frequency can be shifted higher or lower by changing the size of the con-
densers and resistorso Both steady-state and pulse tests on this dielectric
indicate that the operating frequency can be shifted up to several mega-
cycles per seconde If the resistors are replaced by inductors, the output-
versus-frequency characteristics can be improved and losses are loweredo
For pulsed operation of this switch, a non-linear condenser is

‘ used in both the series and shunt arms of the filter. Figo 31A illustrates

such a switch which is so arranged that when the series condenser is ON, the
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shunt condenser is OFF (Figo, 31B); and when the series condenser is OFF,
the shunt condenser is ON (Figo. 31C)o The filter looks like a condenser
voltage~divider to the rising edgs of a pulseo The divider has either
a large condenser in its upper leg and a small condenser in its lower leg
or vice-versa, depending on whether the switch in ON or OFF.

The ferroelectric switch is proposed as a means for driving the
rows and columns of a ferroelectric memory and for switching within an
information-handling systemo Its unique packaging makes it promising in

applications where size, weight, and cost are important considerations.
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‘l' CHAPTER V
SUMMARY AND OUTLOOK

The investigations started in this thesis are being comtinued in
the M,I.T. Digital Computer Laboratory. As the various parts of the thesis
are briefly summarized below, an attempt is made to indicate the direction
of present and future work in this field.

A, TESTING EQUIPMENT AND TECHNIQUES

This thesis has described equipment and techniques which can be
used to evaluate ferroelectrics for digital information-storage and switching
applications, The equipment permits observation of switching transients
whose total duration is less than 1 microsecond, Provision is made for
control of pulse amplitude and temperature,

. Pulse-testing of ferroelectrics will continue on a routine basis
in search of improved materials for these applications. Two basic pulse=
tester improvements are planned for the near future. First, the thyratron
will be eliminated in favor of hard tubes so that shorter pulses can be
applied, Second; the relay switches will be replaced by electronic switches
so that the pulse-repetition frequency can be increased. These changes
will result in operating conditions more nearly like those found in a
modern information-handling system, In addition, they will make photography
easier (many of the photographs shown were two-minute exposures),

B, FERROELECTRIC MATERIALS

Virtually the only obstacle impeding progress in this field is
the dearth of suitable materials, Of the samples tested, only Glenco
body "X-18¢ (A in Figure k) showed promise for storage applications, A

. subsequent batch of presumably the same material was inferior to the
first batch, "Aging® effects were noted when this material sat idle for

~30=
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two days, during which it acquired a small degree of asymmetry in its
D-E characteristice |

Iﬁ spite of the present limitations, there is cause for optimism,
Much progress has been made in the science of making ferroelectric ceramics
within the past few yearso Mostly due to other applications of barium
titanate (piezoelectric transducers) ,, uniformity has steadily improvedo
Researchers have recently discovered many ferroelectric relatives of
barium titanate, each of which must be investigated as a possible candidate
for these applicationss Many of these new ferroelectrics have a higher
Curie temperature than barium titanateo

Single-domain barium titanate crystals have been grown which have
properties superior to those of the ceramics for our applicationse At the
Bell Telephone Laboratories, Murray Hillm‘ﬁew Jersey, Jo Ro Anderson is
studying many of the same problems using barium titanate single crystals
grown at that laboratorye

Co FERROELECTRIC STORAGE AND SWITCHING DEVICES

This thesis has described a method for storing information in
ferroelectric condensers and an efficient means for selecting among a
group of such condensers by assembhling them in a two-dimensional matrix
where selection is accomplished by pulsing one row and one column of the
matrix. A means for achieving a 3 : 1 voltage-selection ratio has been
devised, and a system has been described for mixing the information-
output current pulses of the matrix by transformer couplingo Information
writing and reading have been demonstrated under repetitive conditions
vhich simulate matrix operation. Switching time for some ferroelscirie

ceramics has been shown to be in the l-microsecond region.

A ferroelectric switch has been described which can accemplish

many of the switching tasks in an information-handling systemo An




Report R-212 =32=

8-position model of such a switch was demonstratedo

Perhaps the most striking feature of the matrix memory and the
switch is their packaging. The logical circuitry of both can be painted
directly onto the two sides of a thin sheet of ferroelectric ceramico

If we consider the ferroelectric switch as a box with inputs
and outputs, with a unique output for every combination of inputs, we
are free to define this unique relationship. We may, for example, define
the output as the sum of the inputs, and thereby specify an adder, which
can then be painted and packaged as neatly as the memorye

Many interesting fabrication techniques have been suggested to
the author during the course of this thesiso. One suggestion is to make
a mask through which the circuitry can be evaporated or sprayedes Another
ig to paint the entire ferroelectric ceramic sheet with silver-paste orxr
evaporated-silver electrodes, and then photoengrave the logical circuitry.

Thinner ceramic sheets will allow lowel; voltages to be usedo
Mechanical strength places the only practical limit on how thin the
ceramic sheets can be made. Sheets as thin as 0,08-mil have been fired
on platinum foile

Fabrication and packaging improvements at first appear rather
superficial as compared with the problem of getting a device that workso
The engineer who has worked closely with large-scale digital computers,
however, immediately vsees in ferroelectric painted components a chance to
eliminate thousands of the bad joints and soldered connections which have
plagued himo The mathematician who has problems which must wait for
computers having high-speed internal memories much larger than those of
today sees in ferroelectrics the promise of realizing such memories,
both physically and economicallyo The designer of aircraft electronic

equipment sees in ferroelectric painted switches a light-weight and
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compact component for airborne applicationse The fabrication and pack-
aging possibilities of ferroelectric components for digital information

storage and switching are indeed promising and challenginge

i 4&%‘%{ g;kM\

Approved, \f
Jay W Eﬂrrester
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