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Fig. 6—(a) Characteristic of tunnel diode and resistor in series and
load-curves formed by D2 and Is.(b) Inverter cireuit. (¢) Pro-
vision for obtaining elevated output. (d) Composite characteristic
of D1, D2 and R1.

sponding approximately to a voltage V, applied

across the series combination). Taking the voltage

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

‘a [ input, it would realize the inversion function.

To make a and b the only stable operating points,
one can again use another tunnel diode D, to simu-
late a voltage source. The inverter circuit is then as
shown in Fig. 6b, and the intersections of the dashed
load-curve determined by D, and I, with the com-
posite characteristic of D, and R, in series are shown
in Fig. 6a. To clarify the operation further, one can
plot the composite V,I characteristic of the entire
configuration of D,, D» and R;. It is shown in Fig. 6d.
The horizontal (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 pro-
vision for adding a constant to the normal output
voltage levels of the driver tunnel diode, in order that
a “‘1” driver output can furnish the current necessary
to bring the inverter over the a-hill to b. This can
be accomplished for a single-ended gate by the addi-
tion of a resistor R, to the circuit, as shown in Fig. 6e¢.
The voltage of terminal T (during excitation) is
greater than the normal output voltage by a constant
amount I’ R,, assuming negligible loading at T. By
adjusting R, so that the 0 output voltage is approxi-
mately V,;, the I output voltage is then approxi-
mately 2V, and the required operation can be
achieved. '
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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 0,
the inverter moves to point a, stays there, and the
output is a 1. If the input is a I, there is sufficient
current input to bring the inverter over the hill in
the characteristic to point b and the output is a-0.
Note that for this latter case the output waveform
will show a transient high voltage before reaching
the low voltage 0 output. The next stage must there-
fore be powered 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 ¢-hill in Fig. 6d de-
pends on the value of R;. By adjusting I, to lie suffi-
ciently 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,
ete.).

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 be-
tween stages can then flow only in one direction.
Other methods are possible in which the coupling be-
tween stages is resistive. 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 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. An-
other unilateralization method is associated with the
ability of the power supply to separate input and out-
put functions in time. This scheme is effective for the
balanced type of threshold gate. The circuit is recep-
tive 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 one state or the other.

MuLTiLEVEL CIRCUITS

Consider the inverter configuration (Fig. 6b) in
which I, is reduced so that a third stable operating
point ¢ exists. This is indicated by the dotted curves
in Fig. 6 (a) and (d). Note that point ¢ yields a 0
output. Assume that R, has been reduced sufficiently
to make the height of the ¢-hill, in Fig. 6d, compara-
ble with the height of the c-hill. Let the circuit have
two inputs, driven from the normal outputs of other
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tunnel diodes. The circuit operates in the following
fashion: If the two inputs are both 0, c is a stable
point and each time the circuit is excited the output
is a 0. If one of the inputs is a I while the other is
a 0, there is enough current input to make the cir-
cuit move over the first hill to point a where it is
stable and the output is a 7. When both inputs are
1, there is sufficient current input to make the cir-
cuit move over both hills to point b, and the output
is again 0. Thus, the output is I only when the two
inputs are different. This is the EXCLUSIVE-OR
(modulo-2 sum) function.

BINARY DIGIT ory C% ¥ J—fs
R o]
(@) BINARY DIGIT oapp, !
CARRY oAt p—] % yh
HoSUM OUTPUT
5 2R

Fig. 7—(a) SUM output circuit for full adder. (b) Determination
of operating points. (¢) Composite characteristic.

One can also realize the sum output for a full
adder using a slightly different configuration. Con-
sider the circuit shown inFig. 7a. The operating points
can be found by plotting the load-curve, determined
by I, and the characteristic of the series combination
of D, and D; (Fig. 5a), across the characteristic of
D, in series with R, (Fig. 6a). This situation is de-
picted in Fig. 7b. I, is chosen so that there are four
stable intersections, labeled 0., 1., 0, and I,. These
correspond to 0 and I outputs as explained before.
The composite V,I characteristic of the whole con-
figuration of three tunnel diodes and the resistor is
shown in Fig. 7c. Note the four intersections with the
constant-current (horizontal) load-line I,. They are
also labeled appropriately.

There are three inputs corresponding to two binary
digits and the carry from the previous digit. The
circuit operates in the following manner: When all
three inputs are 0, each time the circuit is excited
it moves to point 0, and is stable there so that the
output is a 0. When one of the inputs is a 1 while the
others are 0, there is enough input current that the
circuit moves over the first hill (Fig. 7¢) to point Ia,

21

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
1, and the output is again 1. Thus we have

Number of 1 inputs SUM output
0 0
1 1
2 0
3 1

This fulfills the sum function of a full adder. To real-
ize the carRRY function, one simply uses a threshold
gate, of the type described before, which has the
same three inputs and which gives a 7 output when
the number of  inputs is two or greater.

STORAGE

Since any negative-resistance element can exist in
two stable states with the proper DC load-line, it is
possible to use such a device to store information.
The term ‘‘static storage’ can be applied to this
situation (DC load-line), because the voltage or cur-
rent 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 of 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
three-phase pulse-overlap system. Dynamic circuit
techniques are used in the SEAC and DYSEAC com-
puters'®. The method involves the circulation of in-
formation around a closed loop, so that a circulating
pulse represents a I and no pulse circulating repre-
sents a 0. 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 returned to the delay-line input. The
delay-time is adjusted so that the pulse makes one
trip around the loop in one clock period.

Consider the circuit shown in Fig. 8. All blocks
under A are powered by phase A, all under B by
phase B, etc. 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 clocking. The
particular circuit shown in Fig. 8 is a basic flip-flop,
there S is the ‘“‘set to 1’ input and R is the “reset to
0" input.

1 D, D. Elbourn and R. P. Witt, “Dynamic Circuit Techniques
Used in Seac and Dyseac,” IRE Trans. on Electronic Computers,
pp. 2-9; March 1953.
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Fig. 8—Dynamic flip-flop.
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The basic flip-flop can be included in more com-
plicated 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.

PHASE: A B c
L( — {anD | | or
INPUTO—]
NOT [ AND | OOUTPUT
(a)
PHASE : c

INPUT ool BINARY L o 0UTRUT
(b)

Fig. 9—Dynamic binary counter.
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LAST
STAGE ONLY  °°T 3
SECOND
STAGE ONLY SO 5=
Po
Ajo FIRST
PR STAGE ONLY
B o-—et’
LEGEND

CL =CLEAR

R =SHIFT RIGHT -READ SERIAL (NORMAL ORDER)
L =SHIFT LEFT —-READ SERIAL (REVERSE ORDER}
P =WRITE PARALLEL

S =WRITE SERIAL

A; =PARALLEL “INPUT

B’ =SERIAL INPUT

C; =TRANSFER OUTPUT

Cng= SERIAL OUTPUT (NORMAL ORDER)

CIL =SERIAL OUTPUT (REVERSE ORDER)

NOTE
C, =Cp
¢ 417 CI

—=4 = INHIBIT INPUT

S ALWAYS ACCOMPANIED BY CL AND R ORL
P ALWAYS ACCOMPANIED BY CL

Fig. 10—Shift register stage.

Note that no time need be lost in obtaining an
output from a dynamic circuit, even though the in-
formation stored is in the form of a circulating pulse.
For example, the binary counter of Fig. 9a may be
represented by a single block powered by the appro-
priate phase, as far as the input and output terminals
are concerned. This is shown in Fig. 9b where the
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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 4.

EXPERIMENTAL VERIFICATION

In order to investigate the operation of tunnel
diode logic circuits in a small sub-system, one cell of
a simple experimental arithmetic unit was con-
structed and tested. A block diagram of the cell is
shown in Fig. 11. All of the fundamental logic cir-
cuits, including dynamic storage, are evident. The
cell contains a storage loop, a full adder and auxiliary
read-in and read-out gates for shifting right and left,
complementing the input from memory, and reading
out to memory.

Fig. 11—Block diagram of experimental unit.

The schematic diagram for the unit is given in
Fig. 12. Fig. 13 contains photos of the complete ex-
perimental circuit. The unit contains 27 tunnel
diodes. Resistive coupling is used throughout. It is
powered from a transistorized power supply which
delivers a three-phase, 1-me, 10-volt square-wave.
This repetition rate was chosen to most easily demon-
strate the fundamental principles involved. The in-
puts to the system are DC levels simulating the out-
put voltages of the tunnel diode (i.e., 0 = 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. 14. (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 be-
tween 0 and I as shown in (c¢). This is accomplished
by making A, = I, so that the storage loop is cleared
and the sum output of the full adder is gated into the
loop, by letting A, = I, 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
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Fig. 12—Schematic diagram of experimental circuit.
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Fig. 13—Front and rear views of experimental cell.
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Fig. 14—Typical waveforms. (a) Circulating 1. (b) Circulating 0.
(c) Alternating 1 and 0. (d) Rise time. (e) Fall time. Time goes
from left to right. Vertical scales are 0.13 v/div with base-line at
bottom. Horizontal scales are 0.5us/div for (a), (b) and (c¢) and
20 mus/div for (d) and (e).
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the adder to equal 1 (i.e., either C; or A, or t; = 1),
so that the sum output becomes the complement of
the bit presently stored. Thus, each cycle the comple-
ment of the bit previously stored is read into the
loop and the stored bit alternates as shown.

The peak currents (I,) of the tunnel diodes used
in the experimental cell range from 1.9 to 2.6 ma.
The capacity of each diode is of the order of 100uuf.
Peak-to-valley current ratios vary between 5 and 8.
The currents from the power supply to each of the
logic circuits were adjusted for proper operation.
Observed switching times (see Fig. 14d and e) are of
the order 50 mgs.

The experiment demonstrates a number of im-
portant facts concerning tunnel diode logic ecircuits.
First, it demonstrates reliable operation of all funda-
mental logic circuits in a realistic system. These cir-
cuits include OR, AND, THRESHOLD, NOT and EXCLU-
SIVE-OR. Second, it demonstrates that such circuits
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 diodes in
cascade. Third, it demonstrates agreement between
rough estimates of switching time, based on the time
constant of the device (capacity time magnitudes of
average negative resistance), and the actual switching
time.
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APPENDIX

I. DC power supplies, monostable operation, zero re-
actance, case I1:

The voltage-controlled case will be considered.
Dual treatment can be given to the current-controlled
case. Referring to Fig. 1c, in order to insure mono-
stable operation for all R, one must choose I, and
R, such that only one intersection occurs for B, = .
Assuming R is very large, a particular limiting case
is shown by the solid load-line in Fig. 15. For a given
I,, the negative reciprocal of the slope is Ri,,, for
monostable operation. Then, for any finite R, the
load-line changes as shown by the dashed line a. For
a square pulse of input current of magnitude A7 and
width A¢, we have that the energy input = Av A7 A,
where these values are depicted graphically in Fig. 15.

11 J. A. Rajchman, “Solid State Microwave High Speed Com-
puters,” Proc. EJCC, this issue.
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Fig. 15—Graphical comparison of As and Av/RL.

The energy output is Av?At/R ;. Thus, we must com-
pare Av/R; to A¢ to determine which increment of
energy is greater. These are also found graphically in
Fig. 15. An examination of the geometrical construe-
tions involved shows that if the conditions stated
above are satisfied, Av/R; < A¢ for all R;. Therefore,
energy input > energy output.

II. DC power supplies with reactance vs. pulse power
supply:

Again, the voltage-controlled case will be con-
sidered. Comparison is being made between the two
circuits shown in Fig. 16. C is the sum of the stray
capacity plus the capacity inherent in the negative
resistance device. The path of operation looking into
the parallel combination of C and NR is assumed to
be approximately the dashed path shown in Fig. 16.

Z(vitr )= vis)

Fig. 16—Comparison of monostable and bistable-with-reset
modes. Assumed path of operation.

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 ¢ and c) are
comparable for the two circuits. If L is not large
enough, the transition time of circuit (1) can be con-
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siderably larger than that of circuit (2), and in addi-
tion, the path followed is no longer horizontal.?

We wish to compare the recovery times (paths b
and d) of both circuits. Specifically, let us calculate
the time to go from point 7 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 R,C time constant. For circuit (1), using Laplace
transform techniques, the transform of » is given by

E.R,
S[R.LCs? + (L + R.RC)s + R, + R)

Vis) = (1)

Assuming that
4

. <~04, 2)

1 R
LC (R—OC — Z)

which is equivalent to assuming that no oscillations
occur, one finds that the roots of the characteristic
equation are approximately

__kB__ 1
. ="T " L/R, - RC
3)
I S S
=~ RC T L/R, —RC"
The approximate solution is therefore
A As, :I 1 l: As, ] 1
- = 4
V(S) S+[81—82 8—81+ Sg — 8118 — 82 ()
where
E,R,
A = R LR ()

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

Thus circuit (1) has the lower maximum repetition
rate.

DiscussioNn

J. H. Felker (AT&T): What speed were you getting on the pulses
you showed and what were the valley and peak points of the nega-
tive resistance characteristics?

My, Lewin: The transistorized power supply delivered a three-phase
1-mc square wave with rise and fall times of about 15 to 20 milli-
seconds. As I mentioned before, the tunnel diode switching times
(for the units used) were about 50 milliseconds, so that this was the
rise or fall time of the pulses shown. The tunnel diodes used were
early experimental ones with a nominal peak current at around

12W. J. Cunningham, “Introduction to Non-Linear Analysis”,
pp. 106-114; McGraw-Hill, 1958,

From the collection of the Computer History Museum (www.computerhistory.org)



26

2 milliamps. The peaks varied almost plus or minus 20 per cent. The
valley points also varied such that peak-to-valley ratios were any-
where from about 5 to 8. The diodes could be considered as rela-
tively ‘“low speed” diodes.

R. A. Vaenel (BTL): Which do you consider the speed limiting
parameters in tunnel diodes? Please distinguish between negative
portion of characteristic and positive portions.

My. Lewin: There are two physical processes to consider — tunnel-
ing and injection. These can be treated separately. Throughout the
reverse-bias region and well into the forward-bias region, tunneling
is the primary process taking place. This is a majority-carrier phe-
nomenon and is therefore very fast; so that, for example, switching
from low voltage to high voltage ought to be quite good. For sufficient
forward-bias, that is from around the valley region to greater
forward-bias, injection takes over and the V,I characteristic follows
that of a normal forward-biased junction. This region is characterized
by parameters similar to those of any forward-biased junction.
Since the primary phenomenon is now a minority-carrier effect, it
should not be as fast. Note, however, that storage times for the
highly forward-biased tunnel diode can be very short because of the
extremely small lifetime of the stored minority carriers — due to
the very high doping.

The switching times naturally also depend on the external circuit
parameters. For example, in the circuits described here, we are
really interested in switching time from low voltage to high voltage.
The circuit is forced from high back to low by a strong reset signal.

Mr. Vaenel: Do you have available regular diodes to work in con-
junction with tunnel diodes?

Mr. Lewin: 1 assume this means conventional diodes for use as cou-
pling elements. This is the most obvious way of unilateralizing the
system — to couple with normal rectifiers so that currents can only
flow in one direction. The trouble one runs into here is that, for
tunnel diodes with sufficiently high peak current value, the forward
impedance of any conventional diode would be so high that, at the
appropriate voltage drop (say 0.4 volts), the coupling diode could
not conduet the desired current increment. In addition, if one were
to use conventional diodes as the only coupling elements, a small
change in this voltage drop would mean a relatively large change in
current increment — due to the nonlinearity of the coupling-diode
forward-characteristic. Since the system relies on fixed current in-
crements, this might not be tolerated. It is most advisable to use
conventional diodes in series with resistors as coupling elements.
Then, the diodes establish directionality while the resistors establish
the current inecrements. This type of coupling can only be used with
tunnel diodes with sufficiently low-peak current value. For example,
in the system described in this paper, since 2 milliamp tunnel diodes
were used, one could easily have coupled with conventional diodes
and series resistors. For much higher current tunnel diodes, this
may no longer be possible.

Mr. Vaenel: What type of stabilizing means do you anticipate for
high points?

Mr. Lewin: 1 assume that this refers to the uniformity of tunnel
diode characteristics required. This is one of the main problems. As
you would expect, we require characteristics that are reasonably
well-matched. By well-matched, I mean diodes whose essential
parameters are within ten per cent, and preferably five per cent, of
nominal values. Now in addition we require something of this order
or better on the power supply parameters. Of course, if we use a
square-wave generator, this becomes a pretty tough job. However,
this is not the only way to do it. All we require is bistable-with-réset
operation. The power requirements for this type of operation can be
furnished in many ways. We could have a well-controlled d-c supply
for the “holding power” unit, to establish the bistable operation, and
a second reset source to supply the reset signal.

L. Thayer (Food Machinery): Do you believe cost and reliability of
tunnel diodes will make them a possible replacement for transistors
in computers?

Myr. Lewin: I think that eventually tunnel diodes will be fabricated
to quite accurate tolerances simply because, in the short time that
people have been working with them, tremendous advances have
been made toward realizing high yields of well-matched characteris-
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tics. These tunnel diodes will also be high-speed and, hopefully, low-
cost units. Of course, you won’t be able to simply pull out a transistor
from a circuit and plug-in a tunnel diode. The transistor is a uni-
lateral device. The tunnel diode is not. I believe, though, that in
many applications, notably in the digital field, one can devise tunnel
diode logic circuits to replace transistor logic circuits and obtain,
for the same cost, a much higher speed.

G. E. Saltus (Bell Telephone Labs.): What was the total power dissi-
pation in your experimental adder?

P. E. Stuckert (IBM): Can you give an estimate of three-phase drive
power required by those circuits?

Mr. Lewin: The tunnel diodes in the system dissipate a very small
amount of power. Assuming a single 2-milliamp unit always in the
high voltage state when energized, we come up with a power dissipa-
tion in the diode of less than half a milliwatt. However, for the sys-
tem described in this paper, a relatively large amount of power was
dissipated in resistors establishing the current source. For example,
the source used was a 10-volt-peak square wave converted to a cur-
rent square wave of about 2-milliamp peak. This gives a value of
approximately 10 milliwatts per stage dissipated in the cuirent
source resistor, and this is not necessarily excessive. It is, though, by
far the major power dissipation in the system. Now a source of about
3 volts peak would have been sufficient for a reasonable current
source. This reduces the power dissipated per stage to about 3 milli-
watts. Of course, the power dissipated per stage is directly propor-
tional to the peak current of the tunnel diodes used, so that this could
rise appreciably for higher current tunnel diodes. Note that the
method used is not the only way to get a square wave of current.
For example, one could return the tunnel diodes through a small
capacitor to a triangular wave voltage source. This could also fur-
nish the current square wave but without the relatively high dissi-
pation of real power.

N. F. Gianola (BTL): Over what ambient temperature range do
your matched diodes maintain sufficiently similar characteristics for
use in threshold circuits?

Mr. Lewin: This has not been fully determined yet. The part of the
tunnel-diode characteristic that is appreciably temperature depend-
ent is the injection or high voltage region. This is temperature
sensitive in the same way that any conventional forward-biased diode
is sensitive. For a germanium unit at a given current, a typical
number for the rate of reduction of the voltage in the high state is
about 1 mv per degree (centigrade) rise in temperature. Most of the
tunneling region is essentially temperature independent, so that for
some of the threshold circuits described, the threshold would not
change with temperature.

R. Turner (Philco): Please describe your three-phase clock and
method of obtaining it?

Mr. Felker: The other questions have to do with the practicality of
generating high power that would be required in operating a very
large and complex computer system using these tunnel diodes.
Would you care to comment on the problem of supplying them
having perhaps tens or thousands of tunnel diodes in them?

Mr. Lewin: First, to answer the question on the power supply used.
The outputs were taken from three transistor binary counters, each
driven by a 2-me input. The clock for the power supply was a 2-me
astable multivibrator. One counter was driven directly from this
clock source. Each of the other two counters was driven by a mono-
stable circuit whose input was connected to the clock source. The
pulse width of the monostable circuit was adjusted to shift or delay
the output l-mc square wave by the appropriate amount with
respect to the output of the counter driven directly from the clock.
This resulted in a three-phase square wave. It was simply a con-
venient method of making the experiment.

Now turning to future power supplies, this method may not be
the best. As I mentioned before, one possibility for obtaining
bistable-with-reset operation is to use a d-c source plus a reset source
which delivers a train of negative pulses. These reset pulses are not
critical with respect to width or amplitude. The magnitude of the
pulses must only be greater than a certain minimum necessary for
reset. If you will recall the tunnel diode V,I characteristic, you see
that for a larger reset pulse the diode is forced into the reverse-bias
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region, and this is also a low voltage region so that such operation
is perfectly satisfactory.

Naturally, at the higher speeds we will require higher speed diodes.
At present, fabrication techniques are such that these can most
readily be furnished in large numbers by keeping the area of the
junction the same and just increasing the doping, resulting in a
much higher current diode with approximately the same capacity as
the “low speed” units. A large system would then require many
amperes from the power source, and this becomes a very serious
problem. Now hopefully, as the result of experiments now going on,
we will be able to use much lower current tunnel diodes with re-
duced area, and thus smaller capacity to obtain the same speed.
That is, by reducing the area of the junction and increasing the
impurity concentrations one can increase the speed of the tunnel
diode without changing its peak current value. Eventually, for
example, we may have a one milliamp tunnel diode which could
switch at the same speed of present 20 ma diodes. This would natu-
rally appreciably reduce the magnitude of the problem of supplying
power to many units:

H. Hellerman (IBM): What sensitivity to noise may be expected
from these circuits, especially ground noise?

V. J. Sferrino (Lincoln Lab.): Do you envision many problems of
noise triggering with the advent of larger, faster systems?

H. P. Peterson (Lincoln Lab.): Do you anticipate tunnel diodes with
a negative resistance vegion at higher voltages, like 5-10 volts, to
lessen noise problems?

Mr. Lewin: As far as the noise problem is concerned, I am really not
familiar with the measurements on the tunnel diode noise figures.
I do know that the primary noise source is shot noise associated
with the junction, the shot noise power being proportional to the
junction current. As you noticed on the scope pictures, the little
spikes on the waveforms were due to coupling to the other phases of
the power supply. From the pictures of the experimental set up, you
can see that this was a very crude breadboard model and no care
was taken to design for minimum crosstalk, etc. Much more careful
design with a good ground system would be needed at higher speeds.
Preliminary high speed tests in the millimicrosecond range indicate
as you would expect, that a very good ground system is required for
reliable operation. It is too early to more clearly define the design
requirements for very high-speed operation at this time.

To answer the question concerning tunnel diodes with larger vol-
tage swings — work is now going on with materials other than ger-
manium. Since the high voltage region of the tunnel diode charac-
teristic is the same as that of a normal forward-biased junction, the
voltage of the high state depends on the material used. For ger-
manium, this is at about 450 mv, for silicon about 700 mv, for gallium
arsenide about 900 mv, etc. Thus, in the future, tunnel diodes should
be available with various voltage swings. Since this forward voltage
drop must be less than the width of the forbidden gap of the material,
with present technology one cannot expect voltages as high as 5 to
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10 volts.

G. A. Barnard (Ampex): What have you found to be the current
high-speed switching rates of circuits as those you have shown?
What speeds do you see within five years?

D. Baker (BTL): What is the expected maximum prf for resistive
coupled diode logic circuits? Approximately what value of power
supply regulation is required?

Mr. Lewin: As I mentioned before, the diodes that I used were 2-ma-
peak-current units with 100-uuf capacity, and these switched in about
50 mus. Experiments with 20-ma diodes with about the same capac-
ity show switching times of about 4 or 5 mus. One can now extrapolate
to the kinds of diodes required for higher speed operation. Obviously,
keeping the same capacity and going to higher currents is not the
best way to achieve this. What we need are much lower capacity
units, and these are currently being developed. I really do not have
enough information to make any useful predictions about the future.

The power supply regulation problem has already been mentioned.
Using a d-c-plus-reset scheme, we would require a d-¢ source with an
output which did not vary by more than 5 per cent from the nominal
value. A more accurately controlled source would of course be
welcomed.

W. Lawrence (IBM): How does the tunnel diode’s capacity vary
from its low to high state?

Mr. Lewin: I believe that the depletion layer capacity variation is
the same as that for any forward-biased abrupt junction. That is,
the capacity increases with forward-voltage. Normally, a value of
capacity is determined by measuring the maximum frequency of
oscillations when the diode is biased in the negative-resistance region.
This gives a value which, to a first approximation, may be attributed
to the whole of the forward-bias region of interest.

P. Smith (General Transistor): Have you done any work on three-
terminal negative-resistance devices, and, if so, what speeds of opera-
tion were considered?

N. F. Gianola (BTL): Can a third control electrode be added?

Mr. Lewin: You are probably aware of the fact that, at the recent
Washington Electron Device Conference in November, a paper was
presented concerning experiments on replacing the emitter junction
of a transistor with a tunneling junction. I really cannot see how you
would be able to combine the tunneling action, which requires high
conductivity material (implying short lifetime of minority carriers),
with transistor action, which requires long lifetime of minority
carriers in the base region. But of course, I am not an expert on
fabrication of semiconductor components. I do know that work is
going on to consider the possibility of fabricating a three-terminal
device utilizing the tunnel principle. I think such a device would be
extremely useful, but I do not have any quick ideas on how to
make it.
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