RCA LABORATORIES

—(//;l vid Mw’/u%/ ; y/(:)((z.r(r/e. / {7(’/1 ler
PRINCETON, N. oo

November 11, 1959

Harlen E, Anderson

EJCC Publication Committee
Digital Equipment Corporation
Maynard, Massachusetts

Dear Sir:

Enclosed are four copies of the final manu-
script of my paper, "Negative Resistance Elements
as Digital Computer Components". My biography

is also included. The size of the slides I will
use in my talk is 3°1/4" x L".
Very truly yours,

7//5/-571 2/ ch;wtw

Morton H. Lewin

MHL: at

Enclosures




d

NEGATIVE-RESISTANCE ELEMINTS AS DIGITAL
COMPUTER COMPONENTS
by
Morton He Lewin
RCA Laboratorles

ABSTRACT

The use of two~terminal negative-resistance devices as
the basglc switching elements in a digital system 1s discussed,
Two fundamental problems analyzed are concermed with:

(1) Achieving logical gain at maximm possible
repetition rate.
(2) Providing means to dictate the direction of flow

of information in the system,

Circuite performing all the essential logical functions
are presented, utilizing the "tumnel (Esalkd) diode," a new highw
speed negative-reosistsance aemicondﬁctdr device, as ths basic
element, Single-sended and baianced circuit configurations are
digscussed, In éddition, simple arrangemsnfs'of a small number

of tunnel dicdes ere derived to reallze more complicated logical

functions.
Part of the system deseribed is a three-phase pulse

power supply. Utilizing such & power source, all storage
functions can be realized by dynamic storage techniques.
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INTRODUCTION

In determining the maximum repetition rate of a given
switching circﬁit, the response of the switching device and
" the effect of other circuit parameters (including stray elements)
must he taken into account. Although the switching speed is
ultimately limited by the device, in many cases one never
reaches this theoretical maximum because circuit limitations
play the dominant role. To solve this problem, one is forced
%o devise extremely simple circuits with few components in order
to minimize the effect of stray reactance. The use of two-terminal
negative-resistance elements allows one to do thise.

Shockley and Masonl have proposed that the ultimate high-
speed semiconductor aaplifying device is a two-terminal negative-
resistance element. They reason that, since the speed of semi-
conductor componente is basically limited by the transit time
of carriers, the physical dimensions of devices operating in the
hishest frequency ranges must be extremely small., In the limit,
fabrication problems dictate two-terminal active elements, where
only one dimension need be small.

This paper is first concerned with the general problem of
using two-terminal negative-resistance devices as the only
active switching elements in a digital system. Specific circuits
are then discussed, using a particular voltage-controlled negative-
resistance device as an example. Much of this treatment can be

adapted to other negative-resistance elementse.

IShockley, Y. and Mason, W. P., "Dissected Amplificrs Using
Negative Resistance," Journal of Applied Physics, Vol. 25,

No. 5, Hay 195h, pe. 677.
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GAIN

A combinational switching eircuit is defined as a circuit
whose outputs depend only on the present inputs. This is to
Abe distinguished from a sequential éwitchinq circuit in which
the outputs depend not only on the present inputs but also on
the past history of inputs. Thus, a combinational circuit, by
definition, has no memorye.

Consider a system of combinational circuits employing
nerative-resistance devices as the.active switching elements.

The requirement of no memory dictates either monostable operation
of the nepative-resistance elements or bistable oberation with

a built-in reset to eliminate storage. (The possibility of
combinational circuits composed of sequential sub-circuits is
ignored on the grounds that such complicated circuits will reduce
the maximum speed of the system.)

For the case of monostable operation, if one removes any one
of the negative-resistance elements from the circuit, measures
the static V, -I characteristic seen looking into the rest of
the circuit from its two terminals and then superimposes this on
the negative-resistance characteristic, there is always only
one stable intersection, for all input combinations. For an
all-passive circuit, such as a coﬁventional diode gate, one
intersection (operating point) is agssured. Assume that this
measured characteristic can be approximated by a straight load-
line, in the region of interest. (A design to insure monostability

js feasible only if this chéracteristic is "well-behaved® (i.e.,
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monotonic) in the region where it intersects the negative-
resistance characteristic.) This leads to a simple situation
which can be directly analyzed.

Typical voltage-controlled and current-cdntrolled negative-
resisiance characteristicé are shown in Fig. la. The two states
for each device are most conveniently chosen as operation in
the two positive-resistance regions on both sides of the negative -
resistance region. Thus, for a voltage-controlled eclement, the
state is defined by the voltage across the device, and for a
current-controlled element by the current through it. Under.
the conditions described above, the circuits to be analyzed
become those shown in Fig. 1lb. The combination of R and the
powéruaource represents the Thevenin equivalent of the linearized
measured characteristice.

Yonostable 6peration can be achieved in two ways as indicated
by the load-lines in Fige. la. In the first case, labeled "I",
R<L Rn min. for the voltage-controlled element and R> Rn max. for
the current-controlled element, where R = 'dV/dIl in the
nega tive resistaﬁce region, In the second case, labeled "II",

R does not satisfy this incquality but the power supply values
are chosen to result in one intersection. Thus, for case 1
monostable operation results regardless of the power supply
parameters (assuming no reactance), while for case I1 the power
supply values must be chosen o avoid bistable operation.

A DC coupled system with no reactive elements will be

assumed. The output terminals and equivalent load resistance
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RL are shown in Fig. lc. Input signal sources are also
included. RL represents the load furnished by other gate
circuits in the net. R, represents the contribution to R

of the internal parameters of the circuit under consideration.
The series or parallel combination of Rl and RL’ as appropriate,
yields Re For the voltage controlled case, RL can vary from
o0 {0 some minimum value and for the current-controlled case,
rrdm 0 to some maximum value. The fact that RL varies as
indicated is a direct result of the two-terminal nature of all
components. For example, an ekamination of the possible
configurations using voltage-controlled elements reveals that,
in general, the output current from a stage in a given state
depends on the states of the circuits being driven.

The values of Rl and Is or V8 must be chosen to assure
monostability for all loads. Thus, they must be chosen such |
that only one intersection (of the tvpe shown in Fig. la)
occurs for RL = o0 in the voltage-controlled case and RL = 0
in the current-controlled case. If these conditions are
satisfied, monostable operation is assured for all RL'

Recall that any reactance in the circuit is assumed
negligibly small, For case I, looking into the circuit from
the output t:rminals, the load resistor RL sees a neb positive
resistance for all voltage-current conditions. Hence, there
is no possiblity that an increment of energy delivered to the
load will be greater than that supplied by the signal source,

for any wvalue of RL. For case II, assuming a rectangular



signal pulse which raises the load-line.sufficiently to cause
the operating point to switch to the other positive-resistance
region, a sinmple calculation2 reveals that the input energy
is at least as great as the output energy. Thus, the requirement
of monostability, in the absence of adequate reactance, leads
to a circuit which has no gain.

If one now allows the use of aﬁpropriate reactife elements
(1.0, capacitance in parallel with the current-conirolled
device and inductance in series with :he voltage-controlled
device), as shown in Fig. ld, gain can be achieved. Note that
the added recactance cannot simply be greater than zero but must
be greater than a certain minimam established by stray elemenis
the properties of the negative-resistance device. (For an AC
counled system, the reactive coupling elements must also be
taken into account.) In this case the gain arises from the
fact that enersy stored in the reactive element is delivered to
the load when the negative-resistance device is triggered by a
small signal. Such circuits have been treated in the liieraturaB’h’se
It is shown there that the recovery time associated with the re-

actance is a factor which 1limits the maximum repetition rate of

the circuit.

Bistable-with-reset operation allows one to achieve galn

without the use of reactive elements. Since the furnishing of

2See Appendix. _

3Farley, B. G., "Dynamics of Transistor Negative-Resistance
Circuits," Proc. IRE, Vol. LO, Nov. 1952, 1497-1508.
hAnderson, A. E., "Transistors in Switching Circuits," Proc.
IRE, Vole. 4O Nov. 1952, 15L41-1558.

5 Lo, A. We., et al, "Transistor Electronics" Prentice Hall 1955.
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a reset signal may be considered to be an additional function

of the power supply, effectively a time-varying power source

is now being considered. One possible arrangement is to let

the power supply (current or voltage) deliver a continuous

train of rectangular pulses, such that during each pulse

(excitation) the nepative-resistance device can go to either

one of its two states, depending on input conditions. The

"reset™ is then the terminaﬁion of the excitation pulse. It

can be seen that such a power supply also serves as a master

clock. If one now calculatas6 the transition and recovery

tipes for such a system and comparées this to the system with ‘
DC power supplies and reactive elements, it is evident that
the former scheme has the higher\maximum repetition rate.

DIRECTIONALITY

Another fundamental problem is concerned with making the
system unilateral. For example, since the ﬁegative-resistance
element is a two-terminal device, when one terminal is grounded,
the other must act as both the input terminal and the output
terminal. One must therefore provide some means to dictate
the direction of flow of information in the system (i.0., toO
make a circuit directional, so that a signal propapgates from
input to output). Some possible techniques for achieving
directionality include use of passive clements such as Hall
effect couplers or gyrators, use of non-linear interstage

coupling elements such as conventional diodes, synthesis of

6éee Appendixe.
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three-~terminal ci rcuit configurations with some unilateral
propertigs, and separation of in?ut and output functions in
tine ﬁsing a time-varying power supply. Some of these
techniques, as applied to circuits involving voltage-controlled
elements, are discussed in =more detail following the treatment
of basic logic circuits.

POWER SUPPLY

Assuming the bistable-with-reset mode of operation, with
the momentary removal of power supply excitation as the method
of resetting, the waveform shown in Fig. 2a represents an
acceptable source waveform. The sequence of operations performed
by each stage is then as follows: After having been reset, a
piven circuit is energized to an initial state. If the combination
of innuts presented to it is favorable, it will switeh to its
other state. The state of the ecircuit is then detected by the
next stames. Finally, the circuit is reset, energized amain
and ready to receive a new combination of inputs.

If the entire system is powered from the same source, all
eircuits are reset simultaneously. The energizing pulses must
then be wide enough to allow signals to propagate from the inputis
of the systen to its outputs, so that the repetition rate is
limited by the longest signal propagation time expected. To
increase the repetition rate, the system is broken up into
small groups of gates such that each group is reset immediately

after 1t has performed its function. A sequence of resets is
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then required in order that information will continue to
pProvagate and will not be erased. These requirements can

be satisfied by a mul ti phase power supply such as, for
example, the three-phase waveform shown in Fig. 2b. Using
this method, a given gate or group of gates is powered by

one phase, drives other circuits powered by the next phase
and is driven by still other circuits powered by the previous
phase. The excitation pulses overlap in time such that
information propagates between two stages during the period
when both are energized simul taneously. Considering the
block B in Fig. 2b, one can see that the beginning of its
.aupply pul se, Tl, corresponds to an "input®" region and the
end of the pulse, Tz, to an "output® region. The three-phas§
arrangement shown is characterized by the fact that there is
always a group of circuits in the deenergized condition at
any given moment. As a result, in many cases apuribus signals
are prevented from propagating. The similarity between this
scheme and the multiphase clock systems used in conventional
machines is only superficial. Here the clock source is also

the power supply.
GENERALIZED ANALYSIS

I Load-curves:

Consider a two-terminal "black-box" A whose static V,I
characteristic is given by either IA “ g (VA) or V, = § (IA)‘
(Wo :
squﬂ(II;' The—box—ssy—siaply-hold-a-—siagle—negsiive~sesistance
The box may simply hold a single negative-resistance

element or may include & more complicated arrangement of




elements whose composite two-terminal V,I characteristic
is given by the above equations. fl (or 31) may be any
continuous function and is not single-valued in both V and I
if there are any negative-resistgnce regions. Now consider
a second two-terminal "black-box"™ B whose statie V,I characteristic
is given by either Ig = g5 (vB) or V, = f2 (IB)' This will
correspond to the device which determines the load-curve. If
8, (V) = vB/n (i.e., f, (Ip) = IgR), then the device is the
resistor R, mentioned before, and the load-curve is a straight
load~line. In general, however, both fl and f2 are non=linear,
necative-resistance characteristics. The two cases of interest
are the following configurations:

| (a) A constant-voltage source VB across the series
combination of elements A and B.

(b) A constant-current source Is feeding the parallel

combination of elements A and B.

Fhe pertinent equations are:

CASE (a) CASE (b)

I, = I v, =y

Vg =V, + Vg Ig =1, + I

vy = £,(1,) [1] Iy = ()

v = Vg - (T (2] I, = Ig - 83(7,)

The equilibrium points or quiescent operating points for a
cireuit are determined by the intersection points of the iwo
curves [1] and [2]. In either case, curve [1] is the character-

istic of A and curve [2) is the load-curve determined by the
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power supply and the characteristic of B. For case (a), the
load~-curve is the image of B's V,I characteristic reflected
through the current axis, translated in the positive voltage
direction a distance Vge For case (b), the load curve is the
image of B's V,I characteristic reflected through the voltage
axis, translated in the positive current direction a distance
Is. ‘The only stable operating points are those determined by
the ihtersection of two positive-resistance regions.

II. Composite Characteristics:

The determination of the composite V,I characteristic of
two or more two-terminal elements, given their individual
characteristics, is important in the analysis of negative-
resistance circuits. To craphically obtain the composite
characteristic from the individual curves, one fellows these
simple ruless

(1) For two clements in series, each point of the composite
curve with coordinates vl, I1 is obtained by choosing any I1

and letting Vl = VA + VB » where VA is the voltage across

1 1l ;
element A at the current I1 and VB is the voltage across
1

element B at the current Il' Thus, one adds the voltages
across the individual elements at the same current.

(2) For two elements in parallel, each point of the
composite curve with coordinates Vl, I1 is obtained by choosing
any V1 and letting I1 = IAl + IBl, where IAl is the current

through element A at the voltage vl and IBI is the current

through element R at the voltage Vl. Thus, one adds the

current through the individual eleaients at the saqge voltage.




TUNNEL DIODE

The remainder of this discussion is concerned with one
particular voltage-controlled negative-resistance element.
Similar or "dual" treatment can be given to current-controlled
devices.

The device to be considered was first reported by Esak17
and has since been investigated by otheng. Since the phenomenon
responsible for the unique characteristics of the device is the
tunneling phenomenon predicted by Quantum Mechanics, the device
has been called the tunnel diode. It holds promise of being
an extremely fast element. Units with time constants of a
fraction of a millimicrosecond have been fabricated. Preliminary
tests verify that the device is capable of very high speed
operation.,

For the purposes of this analysis, the V,I characteristic
of the tunnel diode will be assumed. Descriptions of the physical

operation of the device are given by Esak17 and Sonnerss.

7Esaki, Le, "New Phenomenon in Narrow Germanium p-n Junctions,"
Phys. Rev. 109, Jan. 1956’ Po 603.

aSommers, He 8. Jr., "Tunnel Diodes as High-Frequency Devices,"
IRE Proc., July 1959, P 1201.

Chang, K. K« We, "Low-Noise Tunnel Diode Amplifier,” IRE Proc.
July 1959, Pe 1268,

Chang, Nelson, et.al, "Tunnel Diodes for Low Noise Amplification,"
IRE WESCON, San Francisco, Aug. 1959.

Aarons, Holonyak, et al, "Germanium and Silicon Tunnel Diodes~
Design, Operation and Application,” IRE
WESCON, San Francisco, Aug. 1959
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The static voltage-current (V, I) characteristic for a
typical Germanium unit is shown in Fig. 3. Typical values
for the critical points are indicated. The inverse slope Ro
of each positive resistance region is of the order of a few ohms.
Since the tunnel diode is such a low impedance element,
it is not practical to assume that a constant voltage source
is available to supply power to many units. In view of the
fact that the source impedance of any realizable voltage source
will be of the order of that of its load, it is more practical
to assume that the power to individual units is supplied from
current sources. In cases where a voltage source is desired,
an individual auxiliary device for each circuit is necessary to
simulate it. (This is demonstrated later.) Therefore, in line
* with previous discussions, a thrée~phase square-wave current
f source as shown in Fig. 2b will be assumed.

THRRSHOLD CATE

Consider the circuit shown in Fig. 4. Assume the input
terminals are connected to output terminals of other similar
circuits. As long as the tunnel diode D is in the 0O (low
voltage) state, the current into D, in addition to Ig, is
approximately H(Vl-vo)/R, where i1 is the number of driver
units which are in the 1 (high voltapge) state and I Yy and
Vo are defined in Fig. 3. D will switch to the 1 state only
if I + U (V,=Vy)/R > 1I,, the high threshold current at
which the resistande becomes negative. Once it has switched

to the 1 state, it will remain there even though the current

into D is substantially less than IS (corresponding %o loading),
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as is evident from an examination of the characteristic,
Thus, the circuit is eapabie of logical gain, since it ean
now furnish a number of output current increments (vl-vo)/n
to the next stages. The output of the threshold gate, then,
is 1 only if the total number of 1 inputs is greater than or
equal to some integer T. IS is adjusted to result in the
correct logical function (i.e., the correct T). For an OR
gate, T is oney for an AND gate, T equals the nﬁmber of inputs;
to generate the CARRY output in a full adder, for example, the
number of inputs is three and T equals two, etc. Th§ circuit
must be reset back to the operating point below the thresheld
in order to be able to perform its function againo

It is evident that the merit of this circuit depends
primarily on the uniformitv of diode characteristics and the
power supply tolerances involved. The maximum variations in
Io, IS’ Vl and vo dictate the minimum curront increments for
reliable switching. Advances in fabrication techniques have
already resulted in high yields of diodes matched well enough

that a reliable logic systen involving such circuits appears

readily realizable.
The operation of the "single-ended" threshold gate, described

above, relies on the accurﬁte determination of the operating
point on the negative-resistance characte-istic. A balanced or
symmetrical circuit offers advantages in many applications.
Consider the series combination of two tunnel diodes. Their
composite characteristic is shown by the solid curve in FPige. Sa.

If a voltage Vl'is applied across the series combination, it
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is possible for the circuit to exist in either of two states
(i.e., one diode in the high voltace state and the other in
the low-voltage state and vice versa). This is depicted in
Fig._5b where D2 and Vl determine the load-curve across the
characteristic of D1. If the voltage V1 is applied as a pulse
as is done in the proposed system, one can determine to which
state the circuit goes by a small signal at the junction of D1
and D29. This can be explained by noting that during the rise
of the pulse, the current through D1 and D2 builds up to the
point where both are very near the crest of the hill. The
small current into the Junction is sufficient to determine
which diode breaks ﬁown. Thus 1£,this current is positive, D1
goes to the 1 state and if it is negative D2 goes to the 1 state
and D1 is forced to the 0 state.

The difficulty in obtaining a constant-voltage pulse source
to drive a larne number of such low impedance circuits has
already been mentioned. However, the tunnel diode has another
important property in that it can simulate a low impedance
voltage source, of magnitude Vl, if the current through it is
greater than Io’ the high thrqshold current. This property is
utilized to arrive at the final form of the balanced circuit,
shown in Fig. 5c. As is shown in Fig. 52, the dotted load-curve
formed by D3 and Io intersects the characteristic of the series
combination of D1 and D2 at the appropriate point, if Is is
The circuit is now powered by the more Yealizable

laree enoughe.

current sourcees

y&his scheme was suggested by A. Lo.
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The logical functions OR, AND and THRESHOLD are achieved
by requiring that the current into the Junction be positive
only when at least one, all or some of the inputs are 1l's,
depending on the function desired. This requires a reference
current or bias as shown. The sourcé of this reference current
can be another tunnel diode again actiné as a voltage reference.

From the above description one can see that the balanced
circuit has several advantages over the single-ended schemne.
First, the sensitivity of the circuit depends only on the
matching of the two negative~resistance elements and not on
the exact values of the critical points of the characteristic.
Second, the sensitivity is virtually indpendent of reasonable
power supply variations.

INVERTER

The composite characteristic of a tunnel diode D1 in series
with a resistance R1 is shown by the seolid curve in Fig 6a.

Rl is chosen to be approxima tely RN’ the magnitude of the linear
approximation to the negative-resistance (see Fig. 3). Suppose
points "a" and "b" were the only stable points for the circuit
(corresponding approximately to a voltage vl applied across the
series combination). Takine the voltage across the resistor

as the output voltage, we have that point "a" yields a 1 output
(high voltage; high current through the resistor) and "b® yields
a 0 output (low voltagej low current through the resistor). Thus,
if the circuit is always at "a" with an O input and at "b" with

a 1 input, it would realise the inversion function.
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To make "a"™ and "b" the only stable operating pointé, one
can again use another tunnel diode D2 to simulate a voltagé
source, The inverter circuit is then as shown in Fig. 6b, and
the intersections of the dashed load-curve determined by DP
and Is with the composite characteristic of Dl and R1 in series
are shown in Fig. 6a. To clarify the operation further, one
can plot the composite V,I characteristic of the entire con-
figuration of Dl’ D, and Rl‘ It is shown in Fig. 6d: The
horizbntal (constant-current) load-=line formed by I' is indicated.

Since the voltage at point x (Fig. 6b) is high for both
operating points, one must include some provision for adding
a constaﬁt to the normal output voltage levels of the driver
tunnel diode, in order that 1 driver output can furnish the
current necessary to bring the inverter over the "a"™ hill to
“hn, This can be accomplished for a single-ended gate by the
addition of a resistor RZ to the circuit, as shown in Fig. 6c.
The voltave of terminal T (during excitation) is sreater than
the normal output voltage by a constant amount I; RZ’ assuning
négliqible loading at T. By adjusting R2 so that the O output

voltaga 1s approximately Vl, the 1 output voltage is then

'approximately 2V1, and the rejuired operation can be achieved.

Assuming the pulse excitation scheme described before,

the operation of the inverter is now clear. Whenever the circuit

is excited and the input is a O, the inverter moves %o point "a",
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stays there, and the output is a 1. If the input is a 1,
there is sufficient current input to bring the inverter over
the hill in the charactoristic to point "b" and the output

is a 0. Note that for this latter case the outpui waveform
will show a transient high voltage before rceaching ﬁhe low
voltage 0 output. The nex£ stage must therefore be poweraed
by the next phase so that it is only interested in the voltage
level at the end of the pulse (i.e., the "output function®
region). For that case such operation is satisfactory.

Note that the height of the "a" hill in Pig. 6d depends
on the value of Rl’ By adjusting I‘ to lie sufficiently below
the crest of this hill and driving the circuit from a number
of "elevated" outputs, one can obtain the logical function of
a threshold gate whose output is inverted (i.e., NOT, OR-NOT,

| AND-NOT, etc.).
UNILATERALIZATION

Unilateral operation can be defined as operation in which
signals can propagate in one direction only. This is required
to insure that spurious signals are not generated in the system.
The most obvious way to insure unidirectional operation is to
use normal diode rectifiers as coupling elements. Current
between stages can then flow only in one direction. Other
methods are possible in which the coupling between stages is
resisﬁive. For example, considering the inverter circuit driven
by an elevated output, one can see that when the input to the
inverter is 0, there is essentially no current in the coupling
resistor., When the input is 1, there is a relatively high current
in the coupling resistor. Thus, again, the current in the

coupling resistor flows only in one direction. By reversing

e b i e e e s D e e LR SRS e
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the positions of R, and D, (Fig. 6), so that the output is

taken across the tunnel diode, one has a threshold gate with

this unilateral property. Another unilateralization method

is assoclated with the ability of the power supply to separate
input and output functions in time. This scheme is effective

for the balanced type of threshold gate. The circuit is receptive
to an input signal only during a very short time (i.e., the rise
time of the power supply pulse), after which it "locks" into ones
state or the other.

MULTILEVEL CIRCUITS

Consider the inverter configuration (Fis. 6b) in which I,
is reduced so that a third stable operating point "¢c" exists.
Thie is indicated by the dotted curves in Fig. 6 (a and d).
Note that point "e¢" yields a O output. Assume that Rl has been
reduced sufficiently to make the height of the "a" hill, in
Fig. 6d, comparable with the height of the "e" hill, Let the
circuit have two inputs, driven from the normal outputs of other
tunnel diodes. The circuit operates in the following fashion:
If the two inputs are both 0, "e"™ is a stable point and each
time the circuit is excited the output is a 0, If one of the
inputs is a 1 while the other is a 0, there is enough current
innut to make the circuit move over the first hill to point "anm
where it 1is stable and the output is a 1. When both inputs are

1, there is sufficient current input to make the circuit move

over both hills to point "b", and the output is again O. Thus,
the output is 1 only when the two inputs are different. This

is the EXCLUSIVE-OR (modulo-2 sum) function.
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One can also realize the SUM output for a full adder

using a slightly different configuration. Consider the circuit
Qhown~1n Fig. 7a. The operating points can be found by plotting

the load-curve, determined by.I’.and the characteristic of the
series combination of D2 and D3 (Fig. 5a), across the characteristic
of D1 in series with Ry (Fige 6a). This situation is depicted

in Fig. Tb. I‘ is chosen so that there are four stable inter-
sections, labeled O‘, 1‘, 0b and 1b' These correspond to 0 and

1 outputs as explained before. The composite V,I characteristic

of the whole configurntion of three tunnel diodes and the resistor

is shown in Fig. Te. Note the four intersections with the constant-

current (horizontal) load-line I, They are also labeled appropriatel;

There are three inputs corresponding to two binary digits and
the CARRY from the previous digit, The circuit operates in the
following manner: #hen all three inputs are 0, each time the
circuit is excited it moves to point 0a and is stable there so
that the output is a 0. ihen one of the inputs is a 1 while the
others are O, there is enough input current that the circuit moves
over the first hill (Fig. T7¢) to point la, where it is stable, and
the output is a 1. When two inputs are 1, the circuit moves over
the first two hills to point 0, and the output is again 0. For

three 1 inputs, the circuit moves over all three hills to point

lb and the output is again 1. Thus we have
| Number of 1 inputs SUM output
0 0
1 1
2 0
3 p |
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This fulfills the SUM function of a full adder. To realize
the CARRY function, one simply uses a threshold gate, of the
type described before, which has the same three inputs and
which gives a 1 output when the number of 1 inputs is two or
greater.
STORAGE

Since any negative-resistance element can exist in twe
stable states with the proper DC load-line, 1t.1s possible to
use such a device to store information. The term "statie storage"
can be applied to this situwation (DC load-line), because the
voltage or current level of the negative-resistance device is
fixed when it is storing a particular bit. This type of storage
might be used in the memory 6! a digital computer.

Storage is also necessary in the logic section of a computer.
Here another means of storage, known as "dynamic storage,” is
directly compatible with the thrée-phase pulse-overlap system.
Dynamic circuit techniques are used in the SEAC and DYSEAC
computeralo. The method involves the circulation of information
around a closed loop, so that a circulating pulse represents a 1
and no pulse circulating represents a O, In the original circuits
using this technique, the pulse is introduced at one end of a
delay line. At the other end it is amplified, reshaped and
clocked and is then returﬁed to the delay-line input. The

delay-time is adjusted so that the pulse. makes one trip around

IU}Blbourn, Re Do and ¥itt, Re Poy, "Dynamic Circuit Techniques

Used in Seac and Dyseac," IRE Trans. on Electronic Computers,
March 1953, pp. 2-9.
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the loop in one clock period.

Consider the circuit shown in Fig. 8. 2411 blocks under
A are powered by phase A, all under B by phase B, ete. The
block with the arrow represents a delay gate (one-input OR
gate). This takes the place of the delay-line. Because of
- the phase relationship between the three power sources (see
Fig. 2), it is possible to close the loop as shown. The
circulation of a 1 or a 0 is thus made possible. The circuit
has built-in amplification, reshaping and eclocking. The
particular circuit shown in Fig. 8 is a basic flip-flop, where
S is the "set to 1" input and R is the "reset to O" input.

The basic flip-flop can be included in more complicated
storage circuits. Fig. 9a shows a binary counter and Fig. 10
shows one stage of a shift register. Other circuits involving
dynamic storage techniques are possible.

Note that no time need be lost in obtaining an output from
a dynamic circuit, even though the ihformation stored is in the
form of a circulating pulse. For example, the binary counter of
Fig. 92 may be represented by a single block powered by the
appropriate phase, as'far as the inpit and output terminals are
concerned. This is shown in Fig. 9b where the input comes from
a circuit powered by phase B, the binary counter is considered
powered by phase C and the output goes to a circuit powered by

phase A.
EXPERIMENTAL VERIFICATION

In order to investigate the operation of tunnel diode loglc

circuits in a small sub-system, one cell of a simple experimental

arithmetic unit was constructed and tested. A block diagram of
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the cell is shown in Fig. 1l. All of the fundamental logic
eircuits, including dynamic storage, are evident. The cell
contains a storage loop, a full adier and auxiliary read-in
and read-out gates for shifting risht and left, complementing
the input from memory, and reading out to memory.
The schematic diagram for the unit is given in Fig. 1?-
Fig. 13 contains photos of the complete experimental circuit.
The unit contains 27 tunnel diodes. Resistive coupling is used
throughout. It 1s powered from a transistorized power supply
which delivers a three-phase, 1 mec, 10 volt square-wave. This
repetition rate was chosen to most easily demonstrate the
fundamental principles involved. The inputs to the systea are
DC levels simulating the output voltages of the tunnel diode
(.00 O = 50 mv, 1 = 450 mv), with the correct internal impedance.
Typical waveshapes, taken across one of the diodes in the
storage loop, are shown in Fig, 1k (a) shows a circulating 1,
after the loop has been set and (b) shows a circulating 0, after
the loop has been reset. One can also make the bit stored in
the loop alternate between 0 and 1 as shown in (e¢)e This is
accomplished by making Ar = 1, so that the storage loop is cleared
and the SUM output of the full adder is gated into the loob,
by letting Ah = 1, so that one of the inputs to the adder becomes
the bit presently stored in the loop, and by allowing any one
of the other inputs to the adder to equal »& 1 (i.e., either

C;, or A or ti = 1), so that the sum output becomes the complement

i

of the bit presently stored. Thus, each cycle the complemendt of

the bit previously stored is read into the loop and the stored

bit altermates are showno
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The peak currents (Io) of the tunnel diodes used'in the
experimental cell range from 1.9 to 2.6 ma. Thé~capﬁcity of
each diode is of the order of 100puf. Peakftd-valiey:current
ratios vary between 5 and 8. The currents from the power suppiy
to each of the logic circuits were adjusted for proper operation.
Observed switching times (see Fig. 14 d and e) are of the order
of S0 mus.

The experiment demonstrates a number of important facts
concerﬁing tunnel diode logic ecircuits. First, it denonstrates
reliable operation of all fundamental logic circuits in a
realistic system. These circuits includes OR, AND, THRESHOLD,
NOT and EXCLUSIVE-OR. Second, it demonstrates that such eircuits
can supply logical gain. For example the OR gate in the dynamic
storage loop has a fan-in of 3 and a fan-out of 5. The circuit
contains two tunnel diode in cascade. Third, it demonstr#tes
aprecement between rough estimates of switching time, based on
the time constant of the device (capacity times magnitude of
average negative resistance), and the actual switching time.
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APPENDIX

I, DC power supplies, monostable operation, zero reactance,
case Il '

The voltage controlled éase wiil be considered. Dual
treatment can be given to the current-controlled case. Reférring
to Fig. lc, in order to insure monostable operation for all Ry
one must choose I’ and Rlsueh that only ohe intersection occurs

:or R, =0 ; Assuming RL is very large, a particular limiting

L

case is shown by the solid load-line in Fig. 15. For a given
R

I’, the negative reciprocal of the slope is Q;::Kfor monostable

operatibn. 'Then, for any finite RL’ the load-line changes asg

shown by the dashed line "a™, For a square pulse of input current

of magnitude  4i and width At, we have that the energy input =

Av Ai A%, where these values are depicted graphically in Fig, 15.
The energy output is Avéht/RLQ Thus, we must cbmpare Av/RL to

Ai to determine which increment of energy is greater. These are
aleo found graphically in Fig. 15. An examination of the geo-
metrical constructions involved shows that if the conditions

stated above are satisfied, Av/R, £ 4i for all R . Therefore,

energy input > energy output.
II. DC power supplies with reactance vs. pulse power supply:

Again, the voltagé-controlled case will be considered.
Comparison is being made between the two circuits shown in

Fige 16 C is the sum of the stray capacity plus the capacity

inherent in the negative resistance device. The path of operation
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looking into the parallel combination of C and NR is assumed
to be approximately the dashed path shown in Fig. 16. This
will be true, in the case of circuit (1), if L is sufficiently
large. Under these conditions, one can assume that the transition
times (paths "a" and "c") are comparable for the two circuits.
If L is not large enough, the transition time of eircuit (1)
can be considerably larger than that of circuit (2), and in
addition, the path followed is no longer horizontalll.

We wish to compare the recovery times (paths "b"™ and "d")
of both circuits. Specifically, let us calculate the time to
go from point "1" to point "2" (path "d"). For circuit (2)
the rise time is approximately 2.2 R,C, since the voltage follows
a simple exponential with an Roc time constant. For circuit (1),

using Laplace transform techniques, the transform of v is given

by

V(s) = E, R, 1)
;]TROLCs? + (L + RORC)s +R, ¢+ R]

Assuming that

b

wimegy— £ ~ O.)y» (2)
LC(ﬁ*E - 2)2 ,
[v]

which is equivalent to assuming that no oscillations occur, one

finds that the roofs of the characteristic equation are

aprroximately

ITEunningham, e Joy "Introduction to Non-Linear Analysis,”
YeGraw-Hill, 1958, pp. 106-1ll.
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e wld R _ 1
1 L mo - RC
(3)
2 FOC I?Fo - RC &
The approximate solution is therefore
1
A As h | As p |
V(s) = 3 |2 — & 1 " -
) _———- S=8 Snse— S=8 (h)
[’1 S, 1 85=8, 2
where
E R
A = H « (5)
o

An examination of this solution shows that the time constant
of the dominint exponential is always greater than Roc for
values of L and R consistant with the approximation (2).

Thus circuit (1) has the lower maximum repetition rate.
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ARITHMETIC AND CONTROL TECHNIQUES

IH A MULTIFROGRAM COMPUTER
N, Lourie, H. Schrimpf, R. Reach and W. Kehn

In the design of a data processor for commercial applications, ths
designer is constantly striving for better machine performsnce for littls
or no increase in cost. In the system design of the Honmeywell 8co
Transistorized Data Processing System, several design concepts wers
ut¢ilized to help achieve this objective. One of these techniques involves
the use of a small suxdliary memory to efficiently aid in the control of
the high spsed central processor. A second technique uses a new word
erganization that rssults in a faster and less costly arithmetic element.
These design concepts which were incorporated into the Homeywell 80C System
ars discussed in this paper.

In a2 modern transistorized computer, the speeds that are economically
achieveable in the Central Processor are very often much higher than
necessary %o keep up with peripheral devices. The concept of time sharing
the Central Processor among ssveral programs in order to utilize otherwiss
wasted time then becomes attractive. In order to achieve this time-sharing
avtomatically without the use of cumbersome supervisory routines, at least
one sequence counter per program is required. If a small coineident current
newory ruaning out of phase with the Main Meﬁory were available, a relatively
liberal nurber of programs could easily be run siﬁult&neously by essigning
these séquence counters Yo this control msrory. Also, since additional
msmorykl@cations becone economical, it is now aimple to assign each program
two sequence counters for greater flaxdbility. These are kn@@n as the sequence

and cosequence counters respectively. The Honeywell 8C0 has 8 pairs of

~




sequence counters, thus allowing the simultaneous operation of eight

independent programs. To illustrate how this is performed, Table 1
showa a possible state of the various counters. If, upon starting, the
first order is specified from the sequence counter, 00050 will be read
from location 2 of the Control Mémbry, and the contents of 00050 in the
Main Memory will be read and performed as an prder. The sequence counter
will then be incremented by unity so that GCCS1 will be immediately
reinserted into address 2 of the Control Memory as the location of the
next 6rd@r to be performed under control of the sequence counter in
progrem 1. If the previocus order in program 2 specified that the
cossquencs counter was to be used to ocbtain the naxt order, the contents
of address 35 will then be read out of the Control Memory and 03002 will
then be usad as a Main Memory addresss te select the next order performed.
Similarly the computer will then cycliely perform cne order frem each
program, Scme orders that leave useful information in the Central Pro-
cassor do not relinquish control te another program, so that occasionally,
several orders from ons program will eccur before any orders from amother
progran are perfommed. The multiply order iz an exempls of an order that
roquirss such treatment sinee there is still s low order product that may
be required after the completion of the ordsr. Because the Control Mamory
is running simulteneously but out of phase with the Main Memory, this
mltiple opsration not only is extremely flexible. but is performed with-
out loss of spead. | '

Egc£ of the sequence and cosequence counters in the Homeywell 800 has

assoéiated with 1t in the Control Memory another register known as a
history register. Whensver a sequence Or & COTEQUSNCH countsr is madified

becauss of a sequence change, the asscciated history register is changed so
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To increase the avérage data rate from tape and improve the utilization
of tape space, it is desirable to place more thén one item on a block of
tape. When this i3 done, it would be desirable to be able to place each
individual item in a different section of the memory. In order to accemplish
this "distributed reading or writing", a set of address 1ocatioﬁs that will
gserve as the starting locations for each of the consecutive items after the
first item, is inserted into the main remory. The starting location of this
group of beginning item addresses is placed into a contrcl memory address
called a distributed item ccuﬁter. There is one distributed item counter
for each input trunk and each output trunk. As before, when a block of
information is read imto the memory, the initial item is placed into main
memory locations as specified by‘the associated buffer control register,
However, when a epecial.bit configuration representing an end of item is
sensed, the contents o?;the main memory location as specified by the dis-
tributed item counter is fead into the buffer controi register, thus creating
a now starting address for the next item. The distributed item counter is
incremented by unity prior to reinsertion into the control memory, to prepare
for the next item. When this change of item location occurs, one extra
memory cycle is required for all the associated housekeeping. Distributed
writing is performed in a similar marmer.

A numerical example of the handling.of a four item block is shown below:

Read Buffer Control Register contains 01400
Distributed Bsad Item Counter contains 00100
Mein Memory Addresg 00100 contains 01500
. Main Memory Address 0010l contains 01600
Main Memory Address 00102 centains - 01700
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~ With these constant: located as shown, the fifst item would be placed
in ccnsecutive memory address locations starting with 01400, the second item
starting with location 01500, the third item starting with location 01600,
and the fourth item starting with 01700, ”

Two locations in the control memory are reserved for each of the eight
programs to serve as counters for such orders as multiply and multiple transe
fer orders between groups of memory 1ocationg,

The conirol memory also functions as an aid to indexing addresses.
Referring to Figure 1,'the base address "y" is read out of one of eight ine-
dex registers that are available for each of the eight programs. An eight
bit augmenter "m" gpecified by the order is either added to or subtracted
from this base address to form the indexed address for the main memory.

The base address "y" is reinserted into the control memory unmcdified,
One extra memory cycle time may be required to perform an order if any of the
addresses in that order ars indexed,

Indirect addressing is another feature that can easily be accomplished
by use of a control memory. In this mode of oOperation, a number "x" is
rvead from a specified control memory location and used as an address in the
main memory. The number "x" is incremented by a constant "n% prior to re-
insertion in the control memory, so that next time this control memory cone-
tents is used as a main memory address, a different main memory location
will be addressed, Thus, with one order it is possible to operate on a whole

gseries of main memory addresses without the necessity for order modification.




The control memory also serves to store a2 constant U that will give
rise to an unprogrammed transfer of control if special situations such as

+ end of tape, addition overflow, or read error occur., When ore of these

situations arises, the constant'U is incremented by n, and an unprogrammed
transfer of control to address U+n occurs. The constant "n" is a function
of the type of situation that calls for the unprogrammed transfer of cone
trol, Since there is an Unp:ogrammed Transfer Register for each of the
eight programs, eight independent U constants can be stored.

A mask index register is available for each nrogram, such that any 'ne
of 6l mask constants can be called out of main memory by using cne cf the
mask type orders and an incrementing constant.

A summary of the assignment of control memory locations is shown below:

Address Description
AU=CU Control Counter Ne. 1
AU=CU Control Countar No. 2
Sequence Counter
Co=Sequence Counter
Sequence History Reglstar
Co=Sequence History Register

Unprogrammed Transfer Register

-~ O UVl &S W = O

Mask Incex Register
8-15 Index Registers O through 7

16-27 General Purpose and Indirect
Addressing Registers

These 28 locations ave repeated 8 times so that each of the eight
program; has a unique set of these registers.

In addition, there are eight each of the following registers which are
associated with inputecutput. These registers are not uniquely associated
with any program, but are available for convenient assignment to-.any pro-=

gran.

L






When the computer designer initially considers the specifications of the
Arithretic Unit of a digital computer, one of the prime considerations is "ahe
methed performing addition.; A good degign will be capable of meeting 'i:l;s spaed
sp'acifica'i;ions with a minimwm of hardwars, The format of the bits in the Arithmetic

Unit is en important factor in filfilling this objective, Various formats for a L8

bit word are discussed balow.

Serial
A pictorial reamsentamon is shown in Figure 2, In this arrangerent, as well

as all others to follcw, for the sake of simplicity it is assumed that ¢he A and B
operand each reside in a 48 bit flip-flop register, each stage of which is capable
of shifting., At ths completion of the addition, the sum will be located in the B
register, Since the addition is taking place cnly one bit at & time, a miniram of

equipment is required. However, in order %o achieve & reasonably fast add time,
relatively high speed shifting flip-flops would be required, For instance, with
‘h MC flip-flops, 2l microseconds would ba required for a complete addition with
end around carry. |

Parallel=Serial

A pictorial repregentation of a L8 bit peralleleserial sccummlator with b
bits in parallel and 12 digits in seriel is showm in Figure 3. Other gecmetries
could bs used hers, but this one is a very imperiant cne, inasmuch as h bits in
parallcl can be used for a binary coded decimal digit. Since the adder is now a
ks bit adder iastead of a 1 bit adder, more time will be required to prepagate
carries in the adder, thus resulting in a slower information shifting rate for a
given circuit capa‘oilit;.b than in the serial adder. Using a 125 millimicrosecond
carry pro“aaation per stage and a 1,33 MO shifting rave, the add time will be 18
nicros ccond,_., again including end around carry propagation. The addition time is
not too much faster than the exemple given in the serial adder, but the speed

requirenent of the flip flops is raduced.




Parallel

When the ulitimate in addivicn speed is required, a complete parallel
accumilator ag shown in Figure | is often used. To achieve the fullest gpeed
advantages, the carry propegetion time sheuld be completely asynchronoﬁs. With
ne Scarry hopping® or "end of carry" sensing, an equivalent add time with the
same eircuits end assumptions above would be 6 microseconds., If decimal add weve
added, another 1.5 microscconds would be required. Assuming the speed-up techniques
suggested previcusly are used, average add times on the order of 1 %o 2 microseconds
are feoasible, but the increase in the mumber of logical statemsnts is sebstantial.
The nunber of logical statements required without these speed-up techniques is aboub
12 times as many as the parallel serial adder since the full add logic is required
for each of the 48 stages.

Upcn exemining the requirements of the response time of any adder stage in
the parallel accwrmlator, it is noted that although eny stage is required to pro=-
pagate a carry in a short time, once thalt stage has responded, it restis for the
renainder of ths caryy time, resulting in a very ingfficient use of the irherent
speed availeble, If good speed-up techniques are uged, then this inefficiency is
greatly reduced. This observation then suggests that a parallel accumulator with-
out speed-=up techniques is an extrenely wasteful device, It wes this observation
that led to the invention of the parallel-serial-parallel accurulator. The parallel-
serial-paralilel accumulator is an efficient extension of the parallel-serial
accurvlator which resulis in spseds comparable with that of a parallel accumulator
with no speed-vp techniques, but with approximately one-fourth the number of logical

inputs to the logical exprossions for the adder,




Parallel=Serial-Parallcl

The parallel-serial-parallel arrangement described here consists of three
parallel 16 bit parallel-serial registers. Each 16 bi? parallelwseriai.register
has the bits of a lj bit character in parallel, with L éharacfers in serial, Each
of the thres 16 bit groupings is referrsd to as a major character, A majbr
character is divided into four L-bit groups, called mi?or characters, the bits of
which appear in parallel. HMajor character 1 contains gits 0 - 15, major character
2 contains bits 16 - 31, and major cheracter 3 contains bits 32 < 47. In L pulse
timzs, the sum within sach major character is compuied. Carries gererated as a
result of these additions are then propegated and added into the mext major
character in the next L pulse times, At the end of these 8 pulse times, the
probability® that the carries (including end-around) will be finished propagating

and the answer will be correct is 1.=n§%§ = 0,999977. Carry propagation cempletion

can be sensed by means of a three leg buffer, and as much additional time as
necessary (8 pulse pericds maxirmm) allowed to cemplete the carry propagatien.
Figure 5 shows a L8 bit binary PSP accumlator capable of either addition
or subtractioho The scuations for this are shown below.
S = Subtract; S = Add

= fAddend

An |

B, = Initial avgend ard final result

C, = Carry func%ions

Pp = Final sum functions

CC, = Character cairy from each adder |

Thﬁ = Timing function every Lih clock time such that T),.CC, is the
{ carry from the highest order minor character in each major

characiar.

¥ Assuming linearly distributed random numbsrs for operands.

e




Equations for Major Character 1 Adder

C & Thn CCB * Thn CCl

0
Ci = Cp By + § a5 By + § A4 Gy + 8 Ry By+ S Ay C
G = C B + 5 4 B + 8§ 4y ¢ + 8K B+ 5k C

G SC232+SA2B2¢'§A ¢ -+ .8 X Ba+—sK2c2

Bygm Py = Ay By G + Ay By Ty o+ Ay By Ty + & B ¢
By, = P, = Ay By Gy + Ay B, Cy + A, B, c2+I2§2 c,

ElSzP aA313303+A333’63+K33363+K3§303

B; shifted into from By,) wvhere 0 £ A+ £ 11
Equaticns for the msjor character 2 adcder are the same with subscripis cn

An, Bps Cp inereased by 15, GCq substituted for CC,, and CCy subgtituted for

CCq0

b
-

Teovations for the major character 3 adder are the sems with subscripis on
Aps Boo Cp increased by 32, CC2 substituted for CCB, and 003 substituted for CClo
The average add time with 125 x 10~7 carry propagate time and 1.33 MC flip-

! £

cos is approximately & microseconds.

i3

i



This accumlator has bsen organized in such a manner that decimal arithmetic

uging binary coded decimzl representaﬁién can be incorporated aasil?;lgince each
/éinor character is a binary coded decimal digit. To include decimal arithmetic
two areas nead to be changed. The first is involved with rectification of the
binary sum where either the birary coded decimal sum is greaier than nine, or a
major character carry was generated. This cen eagily be done by inserting the

logic bstusen 313 and 39, Blb end Bjg. and B15 and Byy balow,

D = Decimel b = Binary

Bg = B12

= B -'i"? B. ‘
By D By3 + CCy 315 1313 + D Byg By, ’§13 + D cc;l 513
Big = D Bu‘ + 66’1 Big Bm = cc1 Bl,4 313 + D ccl ’515 §13

¢ D CCy Byg By, By * CCy By *613
By = D Byg + TG Byg By By + D CC Ee B) By
+ 0Cy Byg By, By, |
The above can bse verified with a simple truth chart.
The sccond aves that nseds change is the generation of inter-digit carries.
This is eccomplished by adding a few terms 1o Co to take care of thoss cases where

the decimal sum or diffevence is between 10 and 15,

—n

Co = Tbn CGB - Thn CCy <+ Thn D BlS Elh ¥ Tbn D BlS 813

* Tyn D Byy B¢ * Tim D B3y Bsg

The %wo corrections required the addition of only 60 x 3 = 180 diodes to the

accumulator. No amplifiers weres added. The probability that the answer will bs
¥ 8 .

corract after 8 pulse times is L = %G00 20,9985, For these cases, up to 9 more

pulse times may be required for the correect 2nswsT.




In addition to sllowing a very economical me’c.hod of arithmetic, the PSP

format allows other machine simplifications over a parallel format. In particuler,
:!.L ,is possible to transmit a hB bit word to remote portions of the mechine by reans
cf time sharing 12 :Lmes, resu.;.t._ng in a decreased number of cable drivers. It also

allows the use of one flip-flop and 3 pulses of delay line to store L bits of in-

formation in thoss cases where the other 3 flip-flops are _noi required for manipulation

reasons. A block diagram of the type of storage is shown in Figure 7.

Parallel-Ser .Lal aralle'l Ax“ thmetic Exarmle

Figure B8 is an exzample illustrating two numbers being added together in a
parallelmserialeparallel adder. The zeros immediately beneath the operands indicate
the initial state of the carry circuits at the beg:uming of 'fhe addition. All of the
ﬁmnbsrs on a line with tl indicate the‘ computation being performed during the first
pulse periédo The 11 indicates that the ")" and 7" 1n the low order position of
‘major character 3 is added to form 2 1 sum and a1l ca:rry,' and, simultanecusly, the
ugh apd ®L# in the low order poru:Lon of major character 2 1s added to form a "on

th O carry indicated by the 09, and, s:a.milarly, 1l a.nd 6 are being added to form
07,

During the next pulse period, 12, (and through the same addition circuits
which preduced the "&lW additien) }'2" plus ngn 4n 'major character 1, together with
the previous caryy, "0", forms the 11 on the t2 line. Sim:lla.rly ni® pius %87 plus
non caryry forms 09 and "7" plus 71" plus a "1" carry forms 09.

This process is repeated until the tl line of wqrd' 'cycle 2. At this point,
the carry from the high order position of major cha.ractea' 1 is added to the low
ordor digit in the partial sum of major character 2° The car"'y is then propagaied
as shown undil the 3699 is “correcied" to 3700. Similarly, the 9991 formed in
major chazacter 3 is corrected to 9992. '

As scen in this example, the addition is completed after 8 pulse periods.




't

In summary, the Parallel Serial Parallel format provides a fast arithe
metic speed at a relatively economic cost of logical circuitry. The
addition of the Control Memory to the system provides a wide range of flexi-
bility in order to achieve an. efficient usage of the computer.

The authors of this paper wish to extsnd credit to all those at the
Datamatic Divieion of Minneapolis Honeywell Regulator Company, whose ideas

contributed to the creation of this data processing machine,
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FIG.|, CONTROL MEMORY IN A MULTIPROGRAM COMPUTER
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FIG.7, USE OF ONE FLIP FLOP AND 3 PULSES OF DELAY TO
"STORE 4 BITS.
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SOLID STATE MICROWAVE HIGH SPEFD COMPUTERS

oy

Jan A, Mcmm
R.C.As Leboratories, Princeton, No J,

I, INTRODUCTION

This fmper presents resulis of an effort aimed at developing the
principles and technology required to speed the rate of computers up to the order
of thousand megacycless The gpproach is based on the use‘of two types of two=
terminal sami-c’oziduc’c.or devices: the variable; capacity diode and the tnnnel diode
in combination with fnicroaave technicques for the couplings within the computer.

Both devices provide amplification of binary signals by mechanisms
depending on negative resistance, Thelr speed limitation is primarily due to
the capacity of the junction and internal series resistancs and can be two ordera
of megnitude higher than that of ‘cra'nsistors which are limited by to drift time of
minority carriers. The variable éapaoity diode can be used for camputer logie in
parametric phase locked osclllaters according to concepts deseribed by Gotol and
Von Newnanneo The nepative resistance of the tunnel diode can provide amplificatlon
and gain directly., Both devices have only two terminals, i.e¢. a single port for
the input and aut;pnt, so that special metheds are required to give direction to
information flow. These methods and the means to perform the other necessary fmctions

of storing and gating signals are described in ths following. "
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II, PARAMATRIC PHASE=LOGKED SUB=HARMONIC OSCITIATOR {P10) COMPUTERS
1. Principle of Operation .

Consider a tuned circuit composed of a fixed inductance and & cspa-
city whose value depends on the voltage across ite (i.8. junction diode) Let the
tuned circult be excited by a frequency 2f which is approximately equal to twice
the resonant frequency of the eircuit. (Fig. 1) This excitation will tend to proe
duce oscillatlions at frequency £ in the circuil, and oscillations will actually be
sustained if the excitation is sufﬁ;ciently ini;énﬁe and the logses in the circuit
ere sufficiently small. This effect i3 a special "degenerate" case of a broad class
of parametric excitatlon effects. The general theories of parametric oscillatims,

as well as the paa;bicular theary of this degenerate case have been reported by
3:’4)596:79. )

The reason for the build up of oscillations can readily be understood

several suthors

by a simple phyéica‘!. reasoninge. let us assume that every time at which the capae
city has maximm charge, the value of the capacity is reduced, as would be the case
if the plates were pulled aparte The work necessary to reduce the capacily ine
creases the energy stored in the gondenser. The value of the capacity is restored
to its initial valuve a2t the instant of which the charge in the condenser is zéro.
In this way a certain amount of emergy is added 'bo the elrcuits at every half cycle
of the oscillation. If this increase of enmergy is greater than the loss of energy
in the Half cycle due to damping in the circuit, the amplitude of oscillations will
growe 1t is easy to see that this ";mmp:mg" of energy occurs at twice the fregquency
of oscillations and therefore can sustain an oscillah.on of either of two opposite
phases. In the actual case of a variable capacity diocde, the change of capacity is
due to the voli;ag;.a of the pump source applied to it instesd of the mechanical work




necessary to pull the plates apart, but the effect is analogous.

The oscillations are sustained in either of two opposite phases which
are locked to the phase of the pump and can be used to denote "zero® and "one® of
a binary digit. The phaseelocked-oscillator, PIO, constitutes thus a storage cell,
The steady state phase depends on the condltions under which oscillations starte
If a small locking signal at the frequency f is present in the tank, oscillations
will build up in the phase closest to the phase of the locking signal, The input
locking signal is thus "amplified™, (Fige. 1),

logic can be performed by arraying the PLO's in three or more groups,
which are separately activeted either by pump modulation or diode bias gating.
Every PI0 is loosely coupled to PLO's in other groups, the pattera of couplings
debenﬁmhg the logic _t.aek to be performed. The groups are clocked in suceession
with some overlap, l.c. a given clock is turned off after the next one is turned
on. This sequence causes information to flow in a given direction despite the
bilatersl character of the PLOs A FIO will start at the phase dstermined by the
phase of the majority of oscillating PLO's to which it is coupleds The majority
decision ean be exploited directly in many cireuits or can be reduced to "and" or
for® decisions by the use of a reference signal on one input. For example with
two inputs, and a veference in phase gero, the output will be in phase W only
when both inputs are in phase T, Negation iz easily obtained by phase inversion.
In a typical example of logiec circuit, figure 2, each FIO may be connacted to two
inpute, two cutputs and one reference, or to five other PI0’g. Consequently, the
input is at most one fifth of the cutput of praceding PLO's, Thus, a minimum
"iogie gain® of five is required. In a simple shift register, figure 3, minimm




logle pain is twoe

There is a certain incresse of amplitude of oscillation at each
cycle which depends on the parametdic pumping, i.e. specific variaticn of capacity
and power, ard on the losses of the circuit which are made up of the useful loade
Ing and wavoidable circuit dissipations. To build up the amplitude by a factor
corresponding to practical logic gains, about 5 cycles of oscillations or 10 pump
cycles are required ir typlcal Pil's, Thersefore to obtain 1000 me information
rates,; l.e. phase switching in about 3 x 10"10 sec, pump frequecies of sboui 30 KiC
or higher are required. | .
2. Experimentsl Resulbs

An éaqoerimental progran ultimately aimed at PI0 compubers pumped ai

-

frequencies of about 30 KMC resulted in the followings
A, Microwave Sub=harmonic Oscillators

Microwave circults obiained by photogrephic engraving of copper clad
insulating boards, known as strip transmission lines, and point contact diodes in
conventional microwave cartridges, wers used for PLO's pumped ab L) KMC, A typlodl
sarly configuration (Fig. h and 5) inclnded, 2 2 K quarter=vave resonator with
dicde 4in shunb at one end, a li KMC resonator Dar isolating pump and oscillating
¢irenit, deec return fo:é optimmm bias, and one or more loogely coupled inpuls and
outpuﬁsB’g’lo’ll’n. Output~vs=input power characteristics (Fig. 6) show broad
operating range, efficienclies of o few pemen:c, and required pump power levels of
about 100 m¢. Typical more recert configufaﬁion utilize a series comnscted gold
bonded diode (Fige. 7) and muliiple impedance ;fna’e;ched antennas for couplings inputs

and outputs. The characteristics (Fige 8) &how uniform couplings to various

-




antennes, and broad operating regions.

Hethods of switching phase, first investigated in lumped parsmeter
circuite pumped st § mc, demonstrated great flexibility of "phase soript" snd
yielded quantitative relations between logic gain and buildeup cycles under a
variety of conditions (Fige 9)o Qualitative confirmation of these results was
obtained through more elaborate experiments wifh PID's punped at L KMC uging
mercury wetted relsy pulsers and travelling-wave oscilloscopess Typical results:
»ise from roise level 4o saturstion in 10 nanossconds (manosecond = !D'9_ sea)
and decay in 1.5 nanoseconds when the dlode was pulsed slightly into conductiom.

B. Microwsve Computer Technicues and PIO logic

Microwave transmission lins techniques provide methods for linearly

combining signals to exploit direction of transmissiocn, For example a hybrid ring
can be used to translate amplitude modulated to phase modulated aignels and viss=
verss through eppropriste combination with a oW signa19o (Figure 10)s Another ‘
example is the use Bora hybrid ring fed by two FLO's energized at pumps T/2

out of phase, #0 as to obtain cancellation at one (imput) temminal and reinforce-
ment (output) at another. {Figure 11)o This provides undirectional information
flow ond thereby lovers the re@ed logic bain P permits the use of a two rather
fhan three clocks. Experimentally two PIO's have been balanced so that only 5%

t

of the power appeared in the input.
A full stage of a binary adder with two PIO's and four hybrid rings

was madaom’n It operates through linear combinations of phase-gcript signals
and PIO's acting as a majority decision elsments and amplifiers (Figure 12). Oper=
ation with pulses et repetition of 100 me wes obtained. Other types of adders



wore mede also.

A 500 me¢ binary scaler was nmdis8 using a PI0 deliberately tunsd at
a frequency slightly different from half the pump frequency so that its phase
changed for every mmantaﬁ deactivation of the pump lasting for a time sufficient
%0 allow the natural oscillstions to drift more them /2 in phase.

In general, making of computer subsystems with PL0's can take advantage
of well developed microwave strip- transmission techniques. Poards with 3 layers,
with ground plames on both sides of transmission strips, permit compact subsystens
without deleterious radiation pick-ups of 2 layer boards.

C. PLO Random Access Memory

The pandom eccess nemory made of PIO's would be particularly sultsble
in & machine with PI0 logic. This possibility was investigated~. In a two dle
mensional array of PLO's continuously activ;ted by & pump, the accesa problem cone
sists of (1) selsctively establishing the desired phase in a selected PIO without
disturbing the 'p_hase of any other and (2) of interrogating the phase of any selected
PID without ambiguity due o possible masking signals from a1l other PLO's.

The writing problem (i) is solved easily by forced switching, It is
possible %o choose the amplitude of locking signals such that each separately is
oo small bub together the two signels are strong enough to change the phase of

the PiDo
Tne reading problem (2) requirves a mare elsborate artifice. For exs

ample a standby PIO in addition to the storing PIO can be used for each bite Fach
assoeiated storing FIO and is also loosely

standby PIO is loosely coupled o its
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coupled to a read-out circuit. For resd-out, the standby PIO, nomeally not actie
vated, is selectively activated by the coincidence of two bursts of pwap energisg~
tion. It starts to oscillate at the phase of the associated storing PLO and there-
by conveys the sought phase information to the read-orut circuit. The signals of
all other storing PLO%s are effectively blocked from magking the read-out signals
since their standby read-ocut PIO's are not activated.

Experimental memories have operated successfully at frequencies of
less than 10 mc but complexities of technology with early designs of PLO's have |
macde operation at microwave frequencies difficult. Recent improved designa would
greatly facilitate the memory design.

D, Varisble Capacity Diodes for PLO's

Microwave cartridge point contact dicdes of commercial type aml labare
atory units made by specially developed techniques, as well as gold bonded diodes
mounted within the boards in quarter wave series resonant circuits, permitted the
sxperiments reported above but had serious drawbacks due to limitations in speed
and wide variations from unli-to-unite A program to develop junction types has re-
sulted in a clear understanding of the limiting i’atctor;nxl‘!4 and ¢1odes of practical
design with an order of magnitude betler performance.

The simultaneous reslizstion of low series resistance Vx's within the
diode and high variation of capacity with respect to voltage (-f- 4% , around a
value C  arbitrarily taken at -1 volt) requires that the impurity concentration be
not vniform but have a2 specially desipgned profile. This was realized in solution=
grown and out-diffused pen germanium junctions. High cut-off frequency fo for

reasonzble impedance and low power requires that the capacity be low and the area

of the junction ba of ths order of 10“6 8Q¢ inches.
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In addition to the constants of the semi~conductor proper it is
essential to minimize the capacity Cc s the series inductance L, and the resistance
of the contact of the diode encapsulations A special micw encapsulation was dew
veloped (Figure 13, 14) in which the case c'apacitange is only o5 i and the lead
inductance is only o3 wilHe It consists of a ceramic ring‘of .085" in diameter
gealed hermetically belween two metal plates with a metal finger entering from one
side. A thin wire contacts the dot on the germanium wafer and 1is soldered to the
finger., The diocde is inserted in the printeq winding boards and the upper and
lower tabs can ba directly soldered to the printed lines. The resulting circuvite
are not only supericr in performance bui simple to construct. Typical constants
of a microencapsulated varisble capacity dicde are Oo = 1 Wk, r, 1om, £ = 150 KMC
L = 300 i, end G, = o6 ¥ Capacity voltage sensitivity, difficult to measure
directly, is relatively high as judged by improved PLO performance.

These diodes have permitied thes design of 10 KMC pumped PLO'g with
which gaina of 20 db, rise time of 2 to 3 nanoseconds, and efficiencies of 10% were
realized, Corresponding information switching rate would be about 300 mc as judged
from the extrapolation of 100 me rates of L KMC pumped PLO's,
IiI, TUMNEL DICDE COMPUTERS

1. Tunnel Dicdes
Abrupt junction dicdes made of very highly doped material exhibit a

nepative resistance at small forward blas. This effect was described by L. I‘itsak:i-‘l5
who interpreted it as due to quantum turmeling. As the negative resistance makes
amplification possible and the effect is inherently fast, it was reallzed that the
tunnel diode is particularly suited for high speed compuierss The device was
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investigated in detail and a mumber of germanium units especially adapted for this
use were made.l’6 ‘

Ths current voltage characteristic (Figure 15) exhibits in the forward
direction, a maximum, a drop ecorresponding to negative resistance (=R), a minimm,
and a subsequent rise. The negative resistance is well understood by semiconductor
theory, and can be thought as due to a diminution in the mumber of electrons which
can tunnel through a potential barrier as that barrier is lowered, a seemingly
paradoxical fact resulting from the decresse in electronic states adjacent to the
potential barriere

The gain bandwidth product as well as the upper frequency of oscilla-
tion realizable were .f;cmx'ncl16 to be inversely proportional to RC, where C is the
physical capacity of the diode junction. The time constant RC, independent of
junction area, can be small despite the large value of C (typically 3 u.F/cmz). This
is beczuse the resistance R can be made very small, as it is an inverse exponential
function of the impurity concentration. High concentrations are obtainable by

=11

suitable doping techniques. Time constants as low as 5x 10 seconds have been

determined by measuring R and C separately. In another experiment a tumnel diode
wag switchied by means of a mercury wetted relay and the resulting switching was
observed on a sampling oscilloscopes Rise and decay times less than 10""9 seconds
and a platean of about 10"9 seconds were cbserved. Tunnel diodes oscillators of 1600 mc
were made. Recently oscillations as"v high as 10,000 me were reporbedlgo,,

It is necessary that the series resistance r anmd the inductance L of
the dicde and its mount be sufficiently smell to make the time constants rC and

L/R small compared to RC. Only very short lead=-in can be tolerated, Microencapsu-
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lations with wide, short, closely spaced terminals have been designed and permit
direct incorporation of diodes in low impedance (typically 10 ohms) transmission
lines. It turns out that the ceramic microencapsules originelly desigred for the
variable capacity diodes is particularly suitable for ths tunnel diocde. (Figure 1L).
These units have only about 300 puH of series inductance.

Hundreds of turnmel diodes were beribated on a laboratory scalel6.
These were germanium types with impurity concentrations of about 2.5 x 10% fe,
Various sizes were made with peak currents varying between 1 and 700 ma, The area
of the junction in these diodes is sbout 5 x 10"5 mu2 which entails a capacity of
about 100 puF,
2. 7Tunnel Diode logie Circuits

logic éwitching can be performed by tunnel diodes because their charace

teristics have sharp thresholds permitting gating and negative resistance permitting
signal amplification. Signals are baseband pulses, in contrast to the carrier
modulated signals of the PI0, Two distinet reglons of the characteristic are useds
a voltage range below the voltags of .tha current peak to denote "0O" and a range
shove the voltage of the current valley to denote "%, (Figure 15). With germanium
tunnel diodes the low "O" state is typically less than 50 mv and the high "1" state

v

about 450 mv.

Gain is obtained through a teigeering actions An operating point P,
with current Ia and voltage Vs, is established near the maximum of the characteristic
(Io’ Vo) through appropriate biasing of the power supply. The input signal adds a

relatively small increment of current (or voltage) to go over the "mmp". This

canses the diode to switeh to the high state "1%, An output current as large as
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the difference between the maximm Io and the minimum Il can be obtained without
loosing the state "1%. The ratio of outputeto-input currenta, i.e., the gain, can
thus be large if the operating point is very near t.he‘ maximm, Practical nearness
of biasing depends on the uniformity of diodes which was found sufficient in experi-
mental diode batches to permit loglc gaing of L to 6, These were cobserved incire
cuits pulsed al a rate of one megacycle. The excess of the input signal over the
value required to reach the meximum has an apprecisble effect on the speed of
triggering as it determines the rate at which the capacity of the diode is charged
to reech the triggering point. Therefore some reduction of possible logiec gain must
be suffered to obtain high switching speeds.

Logic switching can be accomplished by properly interconnecting simple
logic elements. ZKach such element, made of one or more iamnel diodes, serves as a
bit-stare, as an amplifier; and as a threshold gate. The gating is of the majority
tyve with which simple majority, "and", and "or", decisions are obtained with propsr
choice of the threshold levels. Three main types of logic elements were investigated:
(1) bistable, consisting of a tunnel diode in series with a resistance or resistance
network (Fig. 16) (2) bistable, consisting of two tunnel diodes in series (Fig. 17)
(3) monetable, using diodes in series uith indunctances. A {Fige 18).

'(1) In the first bistable logic element the single port P is coupled
resistively to a number of inputs and outputs es wa;.l as to a source of current Is
which can be pulsed (Fige 16)s In the sbsence of I, the contributions of currents
%o the diode are so small that its voltege is small, on the "O' part of the charace
teristice The value of Is is so chosen that when the activating pulee is applied
the total current will either be smaller or pgreater than the maximum Io depending

on the sum of the inputs and therefore the voltage will remain small or will be




switched abruptly %o the Wi® part of the characterintice. This change of woltage
influences in tuwrn other loglc elements to whieh it is coupled when these are

activatede The logic elememb s are in three or more groups which are clocked by

overdapping pulses, in a manner similar to the PLO clocking. An experimental
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has been made to demonstrate this type of logle. It contains a storage
loop, 2 full adder stage, meafxs to shift the r:lgiht and left into registers and
other functions including inversion. The unit contains 27 turnel diodes with peak
ocurvents of 2 ma. Observed switching times with these early relatively slow diodes
were aboub 50 nanoseconds. The unit was driven by a three-phase clock at 1 mega-
cvele.

An alternative to the pulsed power supply for energizing the bistable
elements is the use of a DC supply and resetting pulses. Any element of the nete
work is set to state "1 directly according to the combined outputs of preceeding
elements and i reset to state "0Y by a clocking pulse. Setting of the elements
of @ group occurs immediately following mesetting.

(2) In the second bistsble type the logic element is made of two
tunnel diodes in series (Fige 17)e To these diodes is applied a voltage from an
a.c. source, « pulsed or sine wave, « of an amplitude sufficient for one diode to
be in the high "1" state but insufficient for both to be in that state. The polarity °
of a rslatively small input voltage applied to the midwpoint is sufficient to de- ‘
termine which diode will trigger., This triggering will cause a greater voltage
swing of the same polarity at that point and in effect will amplify the input signal,
logic networks can be cbtained by arranging the loglc elements in three or mors
groups and resistively coupling the midpoints of the elements of different groupse




The pattern of connections determines the desired logic operations. The groupes are

energlized in succession by overlapping voltage waves in a manner similar to the
clocking of the FLO's, A particularly simple system is the use of a 3 phase sine
wave power supply. Negation is obtained by inverting transformers. Practical
obtainable logic gains depend on matching of dicdes in pairs rather than general
uniformity of diodes as in the single-diode logic elements.

(3) Monostable logic elements are obtained with a tunnel diede in
series with an inductance biased to a point P near the maximum of the characterise
tie (Figo 18). A relatively small voltage can trigger the diode to the high s tate
and thereby produce a relatively high woltage swing at the same point. Logic nete
works can be obtaired by resistive couplings between logic elements in a manmer
similar o bistable elements. Resetting to the low state is produced automatically
by the voltage induced in the inductance, Asynchronous operation can thus be obtaineds
In an experimental 7 stage delay chsin, very uniform successive triggering was
observeds Synchronous operation is possible also by superimposing clocking pulses
on the Inputs but it appears that higher speeds are realizable for a given logis
gain in bistable circuits.in that mode of operation,

All three types of circuits utilize }logic_ elemen*s in which the inputs
and outputs are on the same single terminal. To insure separation of input and
output functions, l.e., direction of information flow, several methods are possible,
In the above described systems separation in time was used by mltipla phase clocking,
the inputs at any one logic elements being effectiveat a different time than the
outputs. Directionality by electrical ssparation can be obtained through the use
of unidivrectional conplings.. Unfortunately adequate rectifying diodes of speed
comparable. to that of the tunnel diodes are }:ot availeble at the present time.
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Directionality can be achieved also by making the level of energy of successive
logic elements in a chain or the couplings between them progressively weaker so as
to :msum that the setting influence of the inputs dominates over the backflow ine
fluence of the outpuis.

The multiple phase clocking is a simple solution to the directionality
problem and the key to the successful use of single port two terminal devices. #An
increase of speed can be realized if several logic steps instead of a single one
are made at each clock pulse. This is possible by using a cascaded arrangement of
logic elements driving each other asynchroncusly. In these eircuits means for
directionality of information flow other than clocking must be provided.

From the aboveeonsiderationa it is evident that simple logle circuits
of complete generality can be made from tunnel diodes. The signals are direct pulses
and require no carrier. Energization can be either by multiphase sine wave or pulsed
ac or by 2 combination of do and clocld.ng_pwﬂses. Ixperimental circuits have deme
cnstrated gorneral system flexibility. The speed of the circuit éan be very highs
With early relatively slow experimental diodes having 2 ma peaks, one megacycle °
repetition rates were demonstrated but switching timeg were short enough to permit
10 megacycle rates, With newer faster 20 ma units logic elements were switched in
times permitting 100 megacycle rates. The speed capabiltites of tunnel dicdes are
still being increased dramatically so that there is great promise for realizing’
logic circuits with 1000 megacycle rates.

3. Tumnel Diode Memory
Random access memories can be made using arrays of tunnel diode and

give promise to be very fast. Each bit is stored by a current driven tunnel diode
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heving two stable voltapes (Fige 19). Row and colwm buses are resistively coupled
to each diods. (Fig. 20). Any selected diode can be set to one or the other staks
by voitage pulses of appropriate polarity and amplitude on the corresponding buses.
The memory can be organized for coincident bit addressing requiring twoeto-ons
gselection discrimination or for word addressing needing only three-to-one discrimine-
ation. The maxima and the minima of the characteristics provide the necessary
thresholds and are sufficiently uniform to make pogsible either of these coincldent
write-in systems.

Read=out is obtained by driving the selected element or elements o
the high stabe ¥1" and cbserving whether or not swiwhing results. In a second
following writing oycle the elements which have changed state ave restared by approe
priate control of the Mtﬁg circuits in a mamner analogous to that used in cone
ventional core memories. The read-out signal can be obtained by direct pickeup from |
& common circuit resistively coupled to all elements. Read-out can be obiained also
through inductive or radiative pick-up of high frequency which can be generated by
the selected diode in several ways. A resonamt circuit, which may be & simple atub
st microwave frequencies, is associated with each elemeut. In one method, to read,
a wri.'oe ng" is applied o the selected element and thereby switches it or note If
there is switching the relatively large voltage excursion through the megative region
of the characteristic shock excites the tuned circuit and the resuliing natural free
quency oscillation is sensed on a circuit loosely goupled to all elements. (Figo 21)
Tn another method, selective readout addressing ciréuits impress signals at frequency
on the selected row bus and £2 on the selected column buse In the high state

£
1
the curvature of the voltage curreni characteristic is about L times greater than
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in the low state, producing a corresponding ratic of amplitvdes of the beat fre-
quency fl = f2 ‘o which the elemental civcuits are tuned,

Experiments with emall arrays and array skeletons have demonstrated
(1) twosto-one coincident write-in with ressoneble tolerances of operation despite
the use of experimental dicdes with relatively wide variations of characteristica
(2) adequate discrimination direct resd out pulse signels with word addressing.
(3) induetive readeout signals of high discrimination with ringing frequencies as
high ss 250 mc and beat frequency of sbout 1 kme with bit coincident sddressing.

Drivers of tunnel diode arrays must be able to supply pulses of re-
latively large power. IThe requirved current is large because all parallel commected
half-gelected elements load the selected lines, and the requived voltage is large
because the voliage of the geries current regulating resistance must be several
times greater than the voltage swing of the diode, Typically hundreds of milliw
amperes and several volts must be provided. It is wilikely that transistors will
be adequate to drive large arrays at high speed (although a line of a arrsys was
driven in less than Zl.()"8 gete)s The best promise for solving the driver problem
Jies in the tumel diode itself, Sufficient voltage can be obtained by connecting
o number of tunnel diodes in series, end adeguate curremk may bs obtained by using
sufficiently high current unitss Such arrangemenis have been operated and appsar

adequate.
Tunnel diode random access memorles oi;fer at the present time a good

and possibly the only promise for achieving s cycle tima of 10"8 seconds necessary
of @ memory assoclated with 1000 megacycle rate iogiet the tunnel dicdes themselves
are or about $0 be fast enough and there does not seem %o be any insurmountable
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system problem. Experiments to dats have demonstrated the essential write-in and.
rosd-out steps axd have indicated a solution for the drivers. Furthermore it appeaxrs
that propagation delays along addressing lines can be kept low cnough so as to be
insignificant, This yresults chiefly from the small sige of the diode and of the
resulting array. |

IV, CONCLUSIOHS

Goinputer logle by micvowave carrier techniques end the junction diode
PI0 has been demonstrated in elementary subsystens :perating at one hundred mega=
cyeles, and single elements switohing in times corresponding to 300 megacycles.
Microensapsulated improved diodss promise to provide thousand megacycls rates with
power supplied at 30 mc. or higher. ,

Computer logic by itunnel diocdes, already demonstrated at low rates,
promises to be possible at thousand megacyoless Sufficiently wriform dicdes snd
diodes capable of fractional nanosecond switching have been made, Random eccess
memories with cyele times of the order of 10 namseqonds sppear possible using
errays of tumel diodes. Tunnel diocde compwbers operste with direct pulses and
are powered by DG and/or AC at signal frequenay.

Twowterminal ssmiconductor devices provide thus the mamipulative ele-
ments required to gate, store, and amplify binary signala in nanoseconds. Farthere
more, simplicity, small size, and power dissipation per elewment of tens of milli=
watta permit packing of 10 or more elements per cublc inch. Therefore reasonsbly
comprehensive compubters with several thousand logic and several tens of thousands
of memory elements can be made in a volume of less than two feet in dimmeter. Un-
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avcidable delays dus to signal propagation, of sbout 6 to 8 inches per nanvsecond
in normal transmission lines, are thus kept at ebout one nanoseconds This presenis
no gerious difficulty in a Yihousand megacycle" machine which can be assumed to
have elementary logic functions executed in aboub ‘one nsnogecond and aAmemory cycle
time of 10 nenosecondss | |

i‘Je gan, therefore, look forward to a new ers of billiou<bit-per-gegond
information handling machines which are 1ilkely io_ produce.as large, if not larger,
an impact on the informatdion procesaing srt as vas produced a decade ggo by the in-
tvoduction of present million<bit-per-second machines.
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ABSTRACT

A High Speed, Small Size Magnetic Drum Memory Unit for Sub-Miniature Digital Computers.

A magnetic drum memory unit has been designed and constructed for use in future sub-
miniature digital computers. The unit has been designed to meet the requirements of
MIL-E-5400 Class 2, withstand shock loads of 16g, and operate under continuous vibration
of 10g peak, from 0-2000 cps. Its operating temperature range is - 5h°c - 12500. It
will operate up to any altitude as normally packaged. The unit has a memory capacity
of 300,000 bits. 122 tracks are provided on a 4 1/2" long 2 1/2" diameter recording
drum. At the normal speed of 12,000 r.p.m., the clock frequency is 546 kc. The unit
utilizes four 1.3" by 1.25" shoes to hold assemblies of 27 read-record heads, and
smaller shoes to hold circulating register heads. Head to drum spacing is maintained by
an air film between the shoe and the drum. Recording is achieved with silicon transistor
circuits using 6 volts supply and 100 ma peak recording current. The signal level, when
reading, is about 12 mv at 546 kc. The size of the unit is 3.7 X 3.7 X 7.4". Its

weight is 11.3 1lbs including a case for hermetic sealing.

This development was performed under contract for the Wright Air Development Center of

the USAF.
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A HIGH SPEED, SMALL SIZE MAGNETIC DRUM MEMORY UNIT
FOR SUBMINIATURE DIGITAL COMPUTERS

A memory with dimensions compatible with microminiature
assemblies is required for future computers to be used in missiles
and aircraft, A drum memory is described which can fulfill this
need., The bit rate of 546 kc makes possible a 20-bit serial word
time of the order of 40 microseconds. For a computer with add
and multiply times of 40 microseconds, the drum memory described
is adequate, Moreover, the technique described can be extended to
provide a 20-microsecond word time by doubling the rotational speed
of the drum, and to 10 microseconds or less by reading out two or
more bits in parallel, A memory capacity of 15,000 twenty-bit
words is available in the 7.4 x 3.7 x 3,7 inch total unit size, which
is adequate for the type of computations usually made in.an aircraft
or missile, The advantage of such a drum memory as compared
with a ferrite core memory, for example, is in cost, size, and
ability to perform over wide temperature ranges, The disadvantage
of the lack of immediate access to any address can for the most part
be overcome by suitable programming precautions,

The magnetic drum development was performed under contract
for Wright Air Development Center of the USAF to determine
whether recording densities of 500 to 1000 bits to the inch and
more than 30 tracks to the inch could be achieved in a small unit
which would meet the requirements of MIL-E-5400, Class 2, The

description of the development is broken down as follows:

General Description of Memory Unit
Selection of Magnetic Coating

Design of Suitable Read-Record Heads

Bow N -

Mechanical Design Details




GENERAL DESCRIPTION OF MEMORY UNIT

Size 3.7x 3.7 x 7.4 inches over-all
Power 400 cps, 3 phase, about 30 watts
Weight 11, 3 pounds

Motor Mounted inside recording drum
Tracks 30 per inch, total of 122 tracks
Recording density 350 bits per inch using Manchester

phase modulated recording
Clock frequency 546 kc

Total storage capacity 300,000 bits plus timing tracks and
spare tracks

Speed 12,000 rpm approximately

Figure 2 shows a partly assembled unit. To achieve the
high degree of stability required for high density recording over
a wide temperature and vibration range, an especially rigid unit
was constructed, The framework and most critical parts are made
of stainless steel selected to have a coefficient of expansion to
match that of the ball bearings, A cross section drawing of the
rotating part of the unit is shown in Figure 1,

The recording drum is made up of an internally mounted,
400-cps, 3-phase induction motor whose stator (1) is attached to
a fixed shaft (3). The squirrel cage type rotor (2) is fixed inside
a steel cylinder (8) which provides magnetic shielding and forms
a mounting for a nonmagnetic stainless steel cylinder (9). This
cylinder is plated with nickel-cobalt by an electroless method to
form the recording surface, A shoe holding 27 read-record heads
can be seen resting on the recording surface in Figure 2. This
shoe is loaded with a 6-10 pound force against the recording surface
when the drum attains full speed. Since the shoe and 27 heads weigh

less than 1.5 ounces, accelerations of 10 g's have little effect
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Figure 2. Photograph of Partly Assembled Magnetic Drum



on the head spacing (which is maintained by an air film between the
shoe and the drum). The shoe is positioned radially by means of
pivoted arms, The pivots are held in V~grooves to eliminate any
possible play.

A gear wheel can be seen which turns cam shafts mounted
down the length of the four corners of the framework, The cam
shafts take the pressure off the shoes for starting or stopping.

A very small motor (not shown) will be mounted to turn the gear
wheel against a spring when the drum has attained full speed.
Upon the removing of the driving power, the spring will turn
the large gear wheel and take the load off the shoes,

The shoes are self-aligning and no adjustments other than
spring pressure are required. The use of two independent arms
loaded by a single cantilevered spring achieves this self-alignment,

Positions for four large sized shoes are visible in Figure 2,
On the other faces of the frame similar mounting spaces for
smaller shoes are provided, These shoes are intended to hold

both read and record heads for circulating registers,

The electrical characteristics are summarized as follows,

Recording, Peak currents of 100 ma are required for re-
cording. The current is built up linearly during half a bit time
for the Manchester type recording. A silicon transistor push=-pull
circuit with 6 volts on the collectors is used for the recording

amplifiers,

Reading. The read signal is about 10 mv peak-to-peak at
546 kc and about 30 mv at 273 kc., No noise is noticeable on the
signal under test conditions, Using Manchester or variable phase
type recording, no transients are apparent beyond one recorded
bit before and after each word, Pattern sensitivity has been
eliminated by the use of narrow pole piece heads described later.

Typical read signals made up of single eight-bit words are shown

in Figure 3,
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SELECTION OF MAGNETIC COATING

For digital recording the head-to-drum spacing should be
of the order of one-tenth or less of the length of the recorded bits
to achieve customary margins of operation. For 350 or more
bits per inch, a head-to-drum spacing of less than 300 microinches
is indicated. For both temperature ranges of -55° to +125°C
and high shock and vibration, the small head-to-drum spacing
required of 300 microinches cannot be maintained unless the head
is made to bear on the recording surface. Gas lubrication is
satisfactory for the maintenance of spacing in this range. For
practical reasons it is desirable that a small particle of dirt
(or accidental mistreatment during assembly or service) not do
appreciable harm to the recording surface. This puts a require-
ment on the durability of the magnetic coating. For this reason
magnetic plating is preferred to oxide films. There is an optimum
plating thickness (which in practice turns out to be of the order
of 100 microinches) for 350 bits per inch as is shown later. Since
oxide coatings are usually ground after application, there would
be an especially difficult problem in grinding them down to a
uniform thickness of 100 microinches. Thus it became necessary
to develop a suitable plating. Electroplated nickel-cobalt alloys
have been tried and work perfectly well magnetically. They can
be plated as thinly as desired and have been tested at thicknesses
of 60 microinches and less. Mechanically this plating is not the
best that can be obtained since it is not especially hard and has
not been made to have both a high coercive force and adhesion
strength comparable to the bulk material strength. This type
of coating is magnetically satisfactory, but slight damage may
put several 0.03 inch wide tracks out of operation due to local
peeling of the coating. Nickel deposited by the Brenner electroless
process forms a very hard coating which has excellent adhesion
and hardness after suitable heat treatment. This coating markedly

improves the wear resistance of almost any material that might




be used to make the drum. A modification of the Brenner process
to include cobalt produces an alloy which has good recording
characteristics. This alloy is satisfactory magnetically without

heat treatment but can be made harder with heat treatment.

DETERMINATION OF MAGNETIC PROPERTIES AND THICKNESS

The signal read from the recording surface will be

E peak-to-peak =2¢w - n x 10—8 volts (1)
¢ = maximum number of flux lines in the head
n = number of turns on head
w = frequency in radians per second

This assumes that the readback signal is essentially sinusoidal.
The parameter ¢ will be less than-the flux lines remaining in the
recorded dipoles after magnetization since not all the lines can
be made to link the head. It will be proportioned to track width.

It will be dependent on Br and HC for the magnetic coating.

For a thin magnet which is very wide, it can be shown that

H = H_ - (2t /L) (B-H) (2)
where
gy = applied field
= effective magnetizing field
t = plating thickness
L. = length of the recorded dipole
B = magnetic induction

A nickel-cobalt plating having a coercive force of 320 oersteds
and a saturation induction of about 6000 gauss was selected. The

ratio t/L can be varied so that a demagnetizing H just intersects

the corner of the B-H loop for the material. Since L is fixed by




the recording density, t is selected so that the residual induction
is near the maximum induction, thus taking advantage of the
squareness of the hysteresis loop of the nickel-cobalt alloy. A
greater thickness would provide no greater residual flux because
of demagnetization, but would require a greater recording
magnetomotive force and would magnetize more slowly due to
eddy current effects. Thus both magnetic plating material and
its thickness can be optimized for the drum memory.

Figure 4a shows an actual B-H loop of a nickel-cobalt
plated film to show the effect of thickness on the residual induction
due to demagnetization. A line is drawn of slope determined by
t/L which intersects the B-H loop at the point of residual induction.

Figure 4b shows a similar B-H loop for a heat-treated,
nickel-cobalt alloy chemically deposited by the Brenner process.
The squareness is not as good as that obtained by electroplating,
but it is expected that this could be improved.

The B-H loops were taken on actual plated 2-1/2 inch
diameter by 4-1/2 inch long stainless steel cylinders before
they were mounted on the drum assembly. (See Figure 5 for
photograph of the B-H tester.)

The B-H loops were taken by magnetizing the plating axially
in a solenoid whereas recording takes place around the periphery
of the drum. There was some doubt as to whether or not aniso-
tropic effects would invalidate this measurement, and so several
disks were plated and tested along various axes in the B-H tester.
Very little change in B-H characteristics was noted as the
directipn of magnetization was changed. The disks were purposely
ground so that the effect of grinding marks would be obsevrv_. if

they set up an easy direction of magnetization.

DESIGN OF SUITABLE READ-RECORD HEADS

The design goals called for 350 bits per inch recording
density and at least 30 tracks per inch. Reading resolution of 350

Manchester cells per inch requires coupling as much flux as is




wn
(7]
=
g
o
\ (@]
=l
X
e
5
\ 4 DEMAGNETIZING
5 INTERCEPT FOR
\ |2 RECORDING
I
\r\ OERSTEDS
500 400 300200 100 [} 100 2gO 300 400 500 6
2\
3
i N
5
6 DEMAGNETIZING INTERCEPT
\e—FOR 350 RECORDED POLES
00008" THICK PLATING PER INCH

Figure 4a. Actual B-H Loop for Electroplated Nickel Cobalt

X
23

xXO

6 DEMAGNETIZING
S o INTERCEPT FOR
4 RECORDING

3

4

|

500 400 /300 200 100 I00 200 3P0 400 500 600 700 800 900

|
2
3
4 DEMAGNETIZING
/INTERCEPT FOR
- 6 350 RECORDED
0.00015" THICK PLATING POLES PER INCH

Figure 4b. Actual B-H Loop for Heat Treated Electroless Nickel-Cobalt

10




11

B-H Loop Tester

Figure 5.




possible from a 0.0014 inch long magnetic dipole into a magnetic

structure around which are wound a number of turns of wire.

Coupling much of the flux requires a head gap of the order of

0.0004 inch and head to recording surface spacing smaller than

0.0001 inch. However, a compromise can be made which will cause

a loss of signal but not necessarily loss of operational margins.

Recording densities of more than 1000 bits per inch have been

obtained in systems using a single floating head assembly.

However, this usually is accomplished with very closely spaced

heads and wider tracks than 0.025 inch. In the interest of economy

and development time a compromise which utilized many heads

mounted in a single air floated pad was adopted. To make the

construction problem easier, a head-to-drum spacing of 200-300

microinches was adopted. This limits a practical digital recording

system to the region of 500 recorded bits to the inch. In the

present system a recording density of 350 bits per inch is used,

but this does not represent the practical system limit. The |
floating pads holding about 27 heads are of the order of 1.3 inches
by 1.25 inches. Economies in space and cost are achieved by this
mass mounting method which at present requires the use of |
recording densities of 500 bits per inch and less. The problems

of recording and reading will be discussed separately although

it is highly desirable that a compromise head be used which can

both record and read. Apart from economy it greatly relaxes

mechanical tolerance problems.
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Recording, Figure 6 shows an idealized read-record head at
its pole face. If the resistivity of the pole pieces were high so that
eddy currents could be neglected, the amp turns required for re-
cording and the read signal obtained per turn of the head winding
could be quite closely calculated. Such a head is most difficult to
make and the desirable spacing to the recording surface of 50 micro-
inches or less is also most difficult to obtain in multiple head assem-
blies, The performance of the idealized head is of interest, how-
ever, for comparison with the compromise design which has been
presently adopted but which clearly could be improved. To deter-
mine the recording amp turns required, let the B-H loop (Fig-
ure 4b) be assumed to be the B-H loop for the recording surface,
For the 0,00015 inch thick plating whose B-H loop is shown on

Figure 4b assuming
L =0.0014" (350 bits per inch Manchester recording)

It can be seen from Figure 4b that 500 oersteds are required to
saturate the magnetic plating at 6000 gauss., From Equation (2)
we find that
H = 900 oersteds approximately for 500 oersteds
effective magnetizing force

Two parallel lines are shown on Figure 4b, whose intersections
with the B-H curve and H axis give the residual flux density and the
recording force required. This gives a flux density after magnet-
ization of 3200 gauss, If the curve of Figure 4a were used, mag-
netizing force of 600 oersteds would give a remnant density of
5500 gauss. However, because the electroplated coating is thinner
(80 microinches versus 150 microinches), the remnant flux would
be only 90 percent of that obtained for the electroless plating.

The overriding consideration for selecting the electroless

plating was its hardness and resistance to wear,
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The remnant flux for a recorded dipole 0,0014 inch long,
0.025 inch wide and 0,00015 inch thick would be about 7,7 x 10-2
lines for a flux density of 3, 200 gauss,

About 2, 5-amp turns must be provided for magnetizing the
plating. In the ideal head (Figure 6) 14,5 x 1072 lines must be
maintained across two gaps in series to saturate the coating at
6,000 gauss. The gap dimensions are 50 microinches in extent,
0.025 inch long and 0.0005 inch wide. This infers an average
flux density in the air gap of 1,800 gauss, the maintenance of
which will take about 0, 36-amp turns, The maintenance of flux
in a very small continuous permalloy or ferrite circuit will take
a negligible extra number of amp turns,

In practice, sufficient amp turns must be provided to generate
a large number of fringing lines which form closed circuits around
the side of the head and under and over the recording surface, If
the ideal head as drawn in Figure 6 were made, 3-4 amp turns
would be sufficient for recording on the magnetic coating specified,

In practice, allowance has been made for the fact that the
air gap may be 300 microinches instead of 50 microinches since
this is much more readily achieved in a multiple assembly holding
27 heads. The best compromise for recording also includes mak-
ing the silver shim gap larger than would appear ideal for small
head-to-drum spacings since the flux density drops off rapidly in
terms of the head gap dimension, A practical though not very
efficient head would utilize 0, 001 inch wide pole pieces with a
0.001 inch wide silver shim. (See Figure 7,) Such a head records
with 15-amp turns but gives a slightly greater read signal using
30-amp turns, - Since these figures are large compared with the
calculated 3-amp turns, it is clear that recording efficiency was
sacrificed in order to make the head easier to fabricate and less

sensitive to spacing than the ideal head, This inefficiency becomes

important only if the recording circuitry becomes large or im-

practical. A head made to the dimensions shown on Figure 7
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has been driven at 546 kc with a silicon transistor circuit using

6 volts on the collectors and 100 to 200 ma peak current, Since
this circuit is quite acceptable for a microminiature computer,
recording efficiency can be sacrificed if this results in a net
savings in manufacturing cost, The practical geometry of Fig-
ure 7 clearly looks inefficient magnetically, but economy and ease
of manufacture are in its favor., The 0,01 inch long legs are
highly desirable for mechanical structure since a clamp holds the
permalloy against the silver shim, The silver shim is wide for
the size of the recorded dipole, but head spacing is far less critical
than if the silver shim were closer to a more reasonable appearing
dimension, Laminating the legs of the magnetic structure will im-
prove the performance since penetration of the magnetic field at
546 kc is about 10 percent into either side of the material (assum-
ing nonsaturation) for the half amplitude point, In practice, ex-
cess drive is used which causes the penetration to be greater than
the 10 percent mentioned above. The penetration is greater be-
cause the permeability of the material is lowered as it becomes
saturated, resulting in an increased speed of propagation in the
saturated region, The final choice of magnetic head is likely to

be a compromise between the schemes shown in Figures 6 and 7.
For practical reasons, the dimensions shown in Figure 7 make a

good starting point for the development of a useful system.

The magnetic head structure is made of 0,001-inch permalloy
rather than ferrite which would be too hard to handle in sufficiently
small sizes, Under less than ideal conditions for recording, there
are very marked transients where recording starts and stops,
since some recording on a minor hysteresis loop takes place under
the full region of the magnetic head. As recording density is in-
creased without scaling down the head gap and head-to-recording
surface spacing, this problem becomes more marked., For a
chosen minimum head-to-drum spacing, the useful recording den-

sity can be greatly increased if the magnetic structure of the
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recording head is reduced to the smallest dimensions possible so
that its influence does not appreciably extend beyond the recorded
dipole. Care must be taken in using legs of small cross sectional
area because there is not a large excess of flux over the amount
required to saturate the coating, Flux leakage may prevent re-
cording altogether unless the over-all head structure is kept very

small,

Design of Read Head, It was shown earlier that a 150 micro-

inch thick recording surface with the B-H loop characteristic of
Figure 4b would have 7.7 x 10-'2 flux lines at the center of a 0,025
inch wide recorded dipole, An ideal head would intercept these
lines (and even increase the available flux by reducing the de-
magnetization), If the flux change were sinusoidal (any other wave
form would give greater peak-to-peak volts) the read signal would
be

E = gw cos wt x 1O=8

where ¢ is the total flux in the recorded magnetic dipole and

E = 2¢wx 10=8 peak-to-peak volts per turn of the reading head,

At 546 kc which is the maximum frequency used, a signal approach-
ing 5.2 mv per turn could be expected from an idealized structure,
With this ideal structure, it would be easy to determine that re-
solving signals at a much higher density would be possible and
thus it would most likely be used at a density where it would give
much less than the theoretical maximum signal. The magnetic
head tested with the memory system described falls far short in
obtaining the maximum obtainable signal at maximum density.

In fact the presently used heads develop a signal in the range of

12 mv peak-to-peak at 546 kc as against a possible 780 mv calcu-
lated for a 150-turn head, Reference to Figure 7 indicates that
unlike the situation in Figure 6 where more than half the flux

would couple the head windings, only a small part of the flux will
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be useful in generating a read signal. Calculation of the exact
magnetic flux coupling in this situation is most difficult, but a
glance at a scale drawing makes the finding of 1/66 of the possible
signal quite plausible, The fact that the low ocutput is tolerated is
a compromise between signal level, and economy and ease of
manufacturing the heads, Since an excellent signal-to-noise ratio
and margins in clock pulse timing are obtained in this situation,
the compromise is quite tolerable,

At 273 kc which represents the pattern 0 1 0 1 in Manchester
recording, the read signal obtained is about 30 millivolts in com-
parison with a possible 390 millivolts if all the flux in the recorded
poles interlinked the head winding. The loss of signal by a 13
to 1 ratio is explained by the presence of an air gap, which pro-
vides a substantial reluctance in series with the head structure,
and also by the fact that the head structure itself does not have a
zero reluctance, Figure 8 shows the response of the read head
versus recording density and indicates that the head shown in
Figure 7 is being used beyond its optimum density.

Figure 3 shows signals read by the head with clock times
indicated. As can be seen, the signals can be interpreted with
adequate reliability since there is no noise or mistiming in evi-
dence,

There is, of course, much room for improvement of the
magnetic head; however, each improvement increases the diffi-
culty of making the head and the increased cost must be balanced

against the economic benefits of the improvement,

Construction of the Magnetic Head, Figure 9 shows the

essential detail of the magnetic head. In assembling these heads
the lower part is insulated and slipped into an aluminum tube,

The tube is compressed forming a subassembly which can be

tested. The subassembly heads are clamped into a holder (Figure 10)
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Figure 10. Partly Assembled
Magnetic Heads
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‘ and fixed in place with a suitable high temperature epoxy resin
compound. Two such assemblies are made with the heads stag-
gered so that with the assemblies mounted 15 to the inch a track

density of 30 per inch is achieved. The assemblies are then

mounted in the shoes,
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MECHANICAL DESIGN DETAILS

Principle of Operation of Head Support Mechanism. A rotat-

ing drum moves a considerable volume of air in its close vicinity
even though the drum surface is quite smooth by normal standards.
This phenomenon is due to a boundary layer effect. That is, air
molecules which are immediately in contact with the drum tend to
adhere to that surface, Due to the viscosity of the air, the air
molecules immediately about this initial layer are dragged along
and as the distance from the drum surface increases, the velocity
of the air molecules which are dragged along decreases. With this
concept in mind, it is seen that if a stationary surface which is
curved to match that of the drum is held near the rotating drum
surface, the air will be dragged between the two surfaces, Since
the air will also tend to adhere to the second surface, there will

be a drag or friction force as shown in Figure 11, If this stationary
surface is inclined to the drum surface so that the space decreases
in the direction of rotation, the air which is dragged in is squeezed
into a progressively smaller space as i1s shown schematically in
Figure 12, This squeezing effect is of course a compression
process, and pressure forces normal to the two surfaces develop,
If this second surface is held in place by a spring force of proper
magnitude, it will be held off the drum to a distance where the

fluid pressure force equals the spring load force, When such a
condition exists, the layer of fluid which separates the two surfaces
is referred to as a hydrodynamic lubricating film and such surfaces
which react in this manner are referred to as a self-acting bearing.
In the example given, air is used as the lubricating fluid; however,
any fluid, liquid, or gas which will adhere to the bearing surfaces

without causing damage will perform in this manner.
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The theoretical aspects of this phenomenon were first pro-
posed by O. Reynolds about 75 years ago, and solutions of his
equation for the incompressible lubricating films have been well
accepted in the literature on bearing lubrication. In recent years
considerable attention has been directed toward the case of the
compressible or gas lubricating film for many promising advantages
such as chemical stability, extremely low friction, the maintenance
of close clearance between moving parts, and the use of the ambient
gas as a lubricant. The technology of the analysis of the bearing
using a compressible fluid as a lubricant as in the example (Figure 12)
is quite involved and beyond the scope or purpose of this paper. Work
on this phase for use in the design of such bearings for use in memory
drums is in progress; and for the technology the reader's attention

is directed to the list of references.

Properties of Lubricating Film Supported Shoe. The lubricat-

ing film supported shoe possesses certain unique properties which
make it a useful device for the support of a recording head. The
most important properties will be described below. For the purpose
here, let us denote the angle between the drum and shoe surfaces as
the attack angle @, the edge farthest from the drum surface as lead-
ing edge, and the edge nearest the drum as the trailing edge. Drum
rotation is in the direction from the leading edge towards the trail-
ing edge.

Figure 13 shows the typical relationship of the pressure
force which can be developed under typical operating conditions.
It will be noted that at the operating conditions shown in the figure,
a mean pressure of 1. 5 psi gage at a trailing edge spacing of 400
microinches is obtained. As the trailing edge spacing is decreased,
the mean pressure increases at a rapid rate so that at a spacing of
200 microinches the mean pressure has increased virtually four fold
or inversely with the square of the spacing. This characteristic is

most desirable from electrical and mechanical points of view for
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recording drum applications, For any fixed design as the load is
increased the shoe and hence recording head to drum spacing is
decreased. This is, of course, helpful to the electrical performance
as far as output signal is concerned. As a greater load is applied

to the shoe, the ratio of the applied load to the weight or inertia of
the shoe and its associated mechanism is increased, When this ratio
is increased, the ability of the shoe to withstand accelerations and
run out irregularities of the drum is also increased. In the case

of the drum which is the subject of this paper, the effective area of
the shoe is 1, 6 square inches and its normal operating load is 10
pounds, which gives a mean pressure of about 6 psi. The shoe with
recording heads in place has an effective weight of about 1,5 ounces,
and so the load-to-weight ratio is slightly over 100, Since at this
operating condition, slight changes in the spacing result in a con-
siderable change in the lift force, there is available a large force

to restore the proper head to drum spacing. Let us consider an
example at the conditions cited above, In a broad sense, since the
curve shown in Figure 13 is one of a force vs displacement, the
lubricating film may be regarded as a spring of variable rate, If

the displacements are left small, the lubricating film may be approxi-
mated by a linear spring and the slope of the curve may be taken as
the spring constant, For the conditions cited above, this slope or
linear spring constant is about 100,000 pounds per inch for a shoe

of the given effective area, The spring rate of the spring used to
produce the load force would have to be added to this rate; however,
since this spring would have a rate of about 100 pounds per inch, it
is virtually insignificant in its effect on the natural frequency of the
system of forces acting on the shoe. The spring rates of 100,000
pounds per inch acting on the effective mass of the shoe give a res-
onant frequency of more than 3000 cycles per second, Thus it follows
that such a mechanism is quite capable of withstanding accelerations

of 10 g's up to 2000 cps without seriously affecting the output elec-

trical signal,
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‘ Another unique property of the floating shoe is its inherent
stability, Figure 14 shows a typical pressure distribution between
the trailing and leading edge of the shoe, As the attack angle a is
increased, the center of pressure shifts towards the trailing edge,
and similarly as the angle a is decreased the center of pressure
shifts to the leading edge. Let us fix a certain shoe geometry and
allow the shoe to pivot about an axis at the center of pressure and
parallel to the drum surfaces, Now if the shoe is tipped so that
the angle @ is increased, the center of pressure moves toward the
trailing edge, This action develops a turning moment on the shoe,
The turning moment is in the direction required to return the shoe
to the original position, Similarly, when the shoe is tipped to an
angle less than the stable angle, a turning moment of opposite sign
develops to return the shoe to the original stable position. From
experience it has been found that the system has sufficient damping
to make it stable, Thus it follows that the location of the pivot
axis is not critical, for the shoe will tend to seek a value of the

' angle a so that the action line of the center of pressure will pass

through the pivot axis,

Design Requirements, The design of a mechanism to make use

of the lubricating film supported shoe or for keeping a recording

head in proper location with respect to the drum recording surface
requires careful attention to the precision requirements of the mech-
anism, The development of a design framework which requires a
minimum of very precise parts which are amenable to precision manu-
facturing techniques is necessary to the successful execution of the
task. It is not only necessary to have surfaces which are geometrically
true, but it is also required that the proper geometric relationship be-
tween the various parts be accurately maintained., The most important
of these relationships is the alignment between the shoe and the drum.
It is essential that the center of curvature of the shoe be maintained

parallel to the axis of rotation of the drum. The limits of accuracy
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required are dependent upon the particular design and the per-

formance required. For the design the out-of-parallelism is kept
to less than 3 parts in 10,000. The other important requirement
is that the load on the shoe be uniformly distributed so that tip-
ping does notoccur. As will be shown later, the load on the shoe
of the subject drum is applied at two points. The difference be-
tween these forces is kept to a value less than 7 percent. The
tolerances given above are those used in the design of the drum
with due allowance for possible manufacturing tolerance and also
the expected deflections of the mechanical parts.

Figures 2, 15, and 16 show the drum in various stages of
assembly. It will be noted that the rotating portion of the drum is
set into a very rigid frame, and access to the drum recording sur-
face is through appropriately located cutouts in this frame. A V-
groove is machined into the sides of this frame so that it is accurate-
ly parallel to the axis of the drum. Guide slots for radius arms are
machined at precise right angles to the V-groove. Each of the radius
arms are provided with polished sapphire pivot pins which are
cemented in place in an assembly fixture. The centerline distance
between the pins is accurately maintained so that it is virtually the
same for a given pair of arms associated with a given shoe. One
pin of each arm operates in the V-groove of the frame, while the
other pin operates in a V-groove in the shoe. The V-groove in the
shoe is located in the line of action of the center of pressure, and
it is made accurately parallel to the axis of the cylindrical surface
of the shoe. To prevent smearing of the pole pieces of the record-
ing heads, the curvature of the shoe is ground by means of a con-
toured abrasive wheel so that the lay of the grinder marks 1is parallel
to the head gaps. Final finishing is done on a cylindrical lapping
tool which has a diameter 0.1 percent greater than the drum. The
load for the shoe is supplied by the spring which is adjusted by a
single centrally located screw. By this means, equal forces are

applied to each side of the shoe. The load forces the pins to seat
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Figure 15. Main Frame




Figure 16.

Shoe and Radius Arms




in the V-grooves of the shoe and frame and precisely locate the

shoe with respect to the drum so that the axis of the drum and shoe
are parallel within the extremely close limits previously cited.
Special consideration must be given to start and stop condi-
tions, for without sufficient drum speed the lubricating wedge or
film cannot develop and a high-friction condition will exist. To
prevent this, it is necessary to unload the shoe and lift it slightly
off the drum surface until sufficient speed for normal operation is
attained. For stopping the drum, the procedure is reversed.
There are basically two methods by which this may be accomplished.
One method involves removing the spring load until operating speed
is reached. The second method involves introducing lubricant under
pressure through a very small hole in the shoe into the space between
the shoe and drum. If sufficient lubricant (in the subject drum it is
air) is supplied, the shoe will be lifted off the drum surface. After
operating speed is reached, this supply of air may be shut off and
normal operation resumed. This latter method requires the use of
an air compressor, a fact which makes it somewhat unattractive for
airborne use. The first method is used in this drum design. It will
be noted that in Figure 16 the radius arms extend from the side of
the frame which has the V-groove to the opposite side. At this side
of the frame, the ends of the arm can ride on a simple eccentric
cam which is operated by the small gears. During normal operation,
these ends of the arms are free of the cam. For offspeed operation
the cam is rotated to a position where the ends of the arms are lifted.
Since the mechanism is extremely rigid, a movement of less than one
mil of the end of the arm is sufficient to transfer the spring load from
the shoe to the cam. In this condition, the lubricating film between
the drum and shoe must support the weight of the shoe. Since the
weight of the shoe is very much less than the operating load, the
resulting friction is negligible. If the magnetic coating is very dur-
able, the slight contact between the shoe and drum under these condi-

tions is not serious and may be eliminated completely by operating
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the drum with the axis in a vertical position. When the shoe is in
this free condition, a state of instability may develop if the cam is
inadvertently set to lift the ends of the arm too high. Should this
condition develop, serious damage to the drum and shoe surface
will occur. To eliminate this possibility, one arm of each pair for
a given shoe is provided with a spring-loaded pin as shown in
Figure 17. This pin is allowed to act upon the side of a shoe to
cause a small amount of friction damping. Since the load at which
the shoe is operated is much higher than the weight of the shoe,
this damping friction does not affect the operation any noticeable
amount,

The main frame, as almost all other parts of the drum as-
sembly, is made of a precipitation-hardening stainless steel. For
the sake of rigidity and precision, it is fabricated from one piece

of stock and provided with generous ribs.
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Figure 17.

Typical Pair of Radius Arms
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