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AN ANALYSIS OF THE EFFECTS OF REACTANCES
ON THE PERFORMANCE OF THE
TUNNEL-DIODE BALANCED-PAIR LOGIC CIRCUIT*

By

JAMES J. GIBSON

RCA Laboratories,
Princeton. N. J.

Summary—The concept of wave scattering is used in an analysis of the
balanced-pair cireuit. Lead inductances and diode capacitances introduce
a delay in the transmission path between the two diodes in the circuit. It
18 shown that this delay, and not the finite switching speed of the diodes, is
the principal factor which limits the speed of the circuit. At the present
state of device and circuit technology, the maximum repetition rate at which
the circuit can operate reliably with a fan power of four and a sinusoidal
clock source is 250 me. An attempt to optimize the circuit parameters indi-
cates that for a wide range of realistic reactances the optimum peak current
18 5 to 15 milliamperes. At this peak current the impedance level is such
as to represent a compromise between the speed-limiting effects of lead
mductances and diode capacitances.

INTRODUCTION

7 ’[ NHE TUNNEL-DIODE BALANCED-PAIR logic circuit is a
one-port threshold gate synchronously driven by an a-c source.!.?
Directionality of the flow of information in a system of these

gates can be obtained by driving successive gates with successive

phases of a three-phase a-c source. The repetition rate, f, and the
stage delay, 1/(3f), are consequently determined by the fundamental
frequency of the a-c source. Unavoidable reactances determine the

highest frequency at which the circuit can operate reliably and with a

sufficient logic gain to be useful in a system. The purpose of this paper

is to analyze the reactive effects, to estimate the maximum frequency,
and to synthesize the circuit for high-frequency operation.
Figure 1 shows the circuit. It is a bridge consisting of two identical

tunnel diodes and two identical resistors, ». A balanced d-c and a-c

power source, represented by two identical equivalent voltage sources

* Manuscript received April 17, 1962.

! First suggested at the RCA Laboratories by Dr. Arthur Lo; French
patent No. 1,246,084 January 27, 1960; Belgian patent No. 586,900 Jaruary
25, 1960.

2E. Goto et al, “Esaki Diode High-Speed Logical Circuits,” I.R.E.
Trans. on Electronic Computers, EC-9, Vol. No. 1, p. 25, March (1960).
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E(t) in series with the “source’” resistors, r, drives the diodes in the
same direction. The logic input signal and the threshold bias, repre-
sented by an equivalent current source, I, drive the diodes in opposite
directions. The load is represented by an equivalent load resistor, R;.

At the beginning of the a-c eycle both diodes are in their low-voltage
positive-resistance regions and are driven towards their peaks and
negative-resistance regions by the a-c power source. The logic input
current favors one of the diodes, say diode I, with the consequence
that diode I reaches its peak and negative-resistance region before
diode II. As diode T goes over its peak, it sends an inhibiting signal
to diode II, which, hopefully, reaches diode II in time and with sufficient
strength to turn back diode IT from its negative-resistance region, over
its peak and into its low-voltage positive-resistance region. As diode
I enters its negative-resistance region a regenerative process starts,
switching diode I to its high-voltage positive-resistance region and
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Fig. 1—The balanced-pair circuit and a crude “equivalent”
toggle-switch cireuit.

driving diode II deeply back into its low-voltage positive-resistance
region. As a result, a large output voltage, with the same sign as the
small logic input current, is obtained across the load R;. At a later
instant in the a-c cycle, diode I is reset to its low-voltage positive-
resistance region, and the process can start over again.

The critical part of the process is the “locking” process which
occurs during the small fraction of the a-c cycle when the diodes go
over their peaks. The success of the locking process at high source
rates, dE (t) /dt, depends on the intensity and the speed with which the
diodes can communicate with each other over the lossy reactive net-
work made up by the source resistors, the load, and unavoidable react-
ances. Reactive effects may also cause the circuit to burst into relaxa-
tion oscillations, even if the locking process is initially successful. In
the subsequent analysis the diodes are considered as “individuals”
which communicate with each other by emitting waves which are
delayed and scattered by the circuit elements. Before proceeding to
this analysis, which is the main topic of the paper, the performance
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of the circuit at low frequencies is reviewed. The constraints on the
waveform E'(t), on the available logic input, and on the required logic

output, when the circuit is embedded in a practical system of similar
gates, are also discussed. These system constraints are of great import-
ance in a realistic estimate of the speed of the circuit.

SOME DESIGN CONSIDERATIONS

Consider a specific example. The tunnel diodes have peak currents
I, =10 milliamperes, the series combination of the resistance of the
tunnel-diode bulk material and the external source resistor is » = 6.5
ohms, and the load has a resistance B, = 50 ohms. A tunnel diode has

ma iDl,
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Vs =495 mv

Fig. 2—Current versus voltage characteristic of germanium tunnel-diode
with zero bulk resistance.

4 current-versus-junction-voltage characteristic as shown in Figure 2.
This characteristic is idealized in that the low- and high-voltage posi-
tive-resistance regions are linearized to have the same resistance,
R = 3.5 ohms, over large portions of the characteristic. Some param-
eters specifying the characteristic are defined in Figure 2.

The current-versus-voltage characteristics seen by the load for
various levels of the power source voltage, E, are shown in Figure 3.
The load line for a very small logic input current is also shown in
Figure 3. The dotted lines in Figure 8 are the nominal end states of
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the cireuit, i.e., one nominal inactive state when both diodes are low,
and two nominal active states when one diode is high and the other
low. The nominal end states are defined in the crude equivalent “toggle-
switeh” circuit shown in Figure 1.

At the beginning of the process E is small and the operating point
is close to the origin in Figure 3a. Seen from the load, the circuit in
this state is equivalent to a resistance R;= (r + R)/2 =25 ohms. As
FE increases, the diodes are driven towards their peaks, and the resist-
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Fig. 3—Current versus voltage characteristics of a 10-ma cireunit (r =26.5
ohms) seen by the load for various states of the power source.

ance of the circuit seen by the load increases and becomes infinite at
a source voltage

B =11, + V, =135 mv. (1)

At a slichtly larger source voltage, the resistance seen by the load
becomes negative and the circuit becomes unstable. At this point a
number of events may occur which cannot be predicted from the char-
acteristics in Figure 3. If evervthing functions as intended, the circuit
switches to a stable state, producing a positive or negative output
voltage depending on the sign of the logic input current. Once “locked”
in one of these states, the circuit is insensitive to variations in the
input and the logic input current can be removed. As E continues to
increase, the operating point approaches one of the active end states
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as shown in Figure 3b. The output voltage and the output current
approach the nominal values

R, Vs
|Vo| = ——— — = 225 mv,
R+R, 2
|Iy]| =——— — = 4.5 ma. (2)
R,+R;, 2

If £ is increased beyond a certain maximum voltage,

Emnx = Elock +

R, <w—n

> = 344 mv, 3)
R, + R, 2

both diodes are pulled over their peaks and the operating point switches
back to a conditionally stable point at the origin. Under normal opera-
tion E' must not exceed £, .. As E decreases, the operating point moves
back towards the origin. At a certain voltage E in = 115 millivolts,
which is less than E|,,, the operating point becomes unstable and
jumps back to the origin. This terminates the process.

The intersections between the load line and the i~v characteristics
in Figure 3 give a relation between the output voltage, v, and the source
voltage, E. The mushroom-shaped characteristic in Figure 4 shows
this relation. Given a waveform E (¢t) and assuming no reactances in
the circuit, the output voltage as a function at time can be determined
graphically. This is illustrated with an example in Figure 4.

The success of the locking process depends strongly on the source
rate, d¥/dt, during locking. If the source rate is too high, both diodes
switch before they have time to “notice” each other. Although it is
iheoretically possible to synthesize a waveform E(¢) which varies
slowly during the locking process, it is difficult in practice to produce
and distribute any waveform other than a combination of d-¢ and
sinusoidal a-c. In a three-phase system of gates with reasonable toler-
ances on timing and lead lengths of interconnections, it is requireds
that the output pulse be approximately half a cycle wide at the base
and have the widest possible flat top. Figure 4 shows that to meet
these requirements the d-c¢ bias must be approximately E, .., and the
a-c amplitude must be approximately

3H. S. Miiller and R. A. Powlus, “An Evaluation of Tunnel-Diode
Balanced-Pair Logic Systems,” RCA Review, Vol. XXIII, p. 489, Deec. 1962.
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. R, Ve—V,
EEEmax_ElockE 0 (4)

2

In general R; is substantially smaller than E;, with the consequence
that the required a-c amplitude is essentially independent of all circuit
parameters; it is approximately 200 millivolts for germanium tunnel
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Fig. 4—Cutput voltage as a function of source voltage and as a
function of time.

diodes. With these constraints on E (t), the locking process unfortu-
nately occurs when the source rate has a maximum

dE (t) R
- = 2+fE. (5)

Elock

dt

This relation between the source rate during locking and the fre-
quency is used later for an estimate of the maximum frequency. The
source rate can be reduced by reducing the a-c amplitude, but this has
the undesirable effect of reducing the amplitude of the output pulse
and of rounding the pulse top as shown in Figure 4.

Although it is desirable to draw as much output current as possible
from the circuit (theoretically, it is possible to draw a current
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I,—1,=091,), a heavy load reduces E,,,. and consequently also the
width of the flat pulse top. To obtain flat-top pulses of nominal ampli-
tude, the largest current that can be drawn from the circuit is between
0.4 I, and 0.6 I,. Thus, the load resistance R, is established within
narrow bounds.

The source resistance has a significant influence on the locking
process. If r is too large the diodes may not be able to “communicate”
with each other with sufficient intensity, with the consequence that
both diodes switch. If » is too small the circuit may burst into oscilla-
tions. The source resistance also has a significant influence on the
pulse shape. If 7 is increased, the saturation region of the v—E charac-
teristic is increased, which has the desirable effect of widening the
flat top of the output pulse. Another important consideration in the
choice of r is “systems-noise.” In a system, signals are generated by
a large number of gates. To prevent these signals from propagating
through the system to places where they are not desired, it is important
to keep the internal impedance, and consequently 7, small.

If all reactances are neglected, the choice of peak current deter-
mines only the level of the signals. It is obvious that if all resistances
are scaled in inverse proportion to the peak current, the v—E charac-
teristic, and consequently the performance of the circuit, is independent
of peak current. Reactive effects, however, have a strong influence on
the choice of peak current.

A detailed analysis is required to find an optimum design compro-
mise among fan power, pulse shape, noise, and tolerance requirements
on components, sources, and lead lengths of interconnections; such an
analysis has been made.® The systems constraints are illustrated with
only rough figures applicable to the typical circuit used here.

With a source voltage E(f) =125+ 200sinot millivolts, output
pulses one half cycle wide at the base and with fairly wide flat tops of
nominal amplitude are obtained, as shown in Figure 4. The output
current is 0.4 I,. With a fan-in of two and a fan-out of two, the logic
input current is 0.1125 I,. The interconnecting resistors, one in each
of the four fan branches, are R,=4R; — R, =195 ohms, and the
voltage attenuation of a signal propagating from a gate to one of its
four neighbors is R,/R; = 39, which is adequate? to keep system noise
at a tolerable level. With quite tight tolerances on components and
sources, it has been estimated® that noise, internal imbalances, and
input signal fluctuations reduce the effective available logic input cur-
rent from .1125 I, to 0.0425 I,. Keeping in mind the constraints on
E (t), on available logic input, and on required output, we can now
consider the reactive effects.
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THE REACTANCES

Figure 5 shows the circuit with reactances. The diodes in Figure
5 are “ideal” diodes, stripped of bulk resistance and reactances, having
current-versus-voltage characteristics as shown in Figure 2. It can be
seen from Figure 5 that a signal traveling from one diode to the other

DIODE 1 BIODE 1T

R
L LOAD

Fig. 5—The balanced-pair circuit with reactances.
encounters many obstacles en route. These are
9’ = bulk resistance of the diode,
»r” = external source resistance,
R; = load resistance,

¢’ = nonlinear transition and injection capacitance of a tunnel
diode. For diodes with peak currents ranging from 5 to
50 milliamperes, ¢’ ranges from 0.5 to 12 pf for voltages
below the valley voltage (pf = picofarad = 1012 farad).
For higher voltages, C’ increases rapidly with voltage.
Usually €’ is specified at the valley voltage. If C’, is the
capacitance at the valley voltage, V, millivolts, then it is
assumed that the capacitance at the peak voltage, V,
millivolts, is

580-V, 1
C,p = — =,
580-V, 1.6

C” = case capacitance of a diode (0.5 to 1.5 pf),
C; = stray capacitance of the load (0.5 to 1.5 pf),

L’ = inductance of a diode (100 to 700 ph),
(ph = picohenry = 10—12 henry)
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L” = inductance of a source resistor (100 to 700 ph),

L, = inductance of the load (> 500 ph).

Mutual inductances between L', L’,, L”,, and L” can, for all prac-
tical purposes, be represented by equivalent changes in these induct-
ances and in the load inductance, L;.

Since the circuit in Figure 5 is too complicated for a practical
analysis, the following simplifying approximations are made:

(1) The bulk resistance #’ is incorporated with the external source
resistance »” to form an effective source resistance » =+’ +»”. This
is justified by the fact that the time constant #C” is much smaller
than other time constants in the circuit.

(2) The stray capacitance of the load, C,, is uniformly distributed
along the load inductance to form a transmission line of characteristic
impedance Z; =~\/L;/C, and delay r, =~/L,C.. This is justified so
long as the waveforms entering the load terminal have rise times
greater than ;.

(3) The junction capacitance C’ is assumed to be constant and
equal to the junction capacitance at peak voltage C’,. This is justified
for an analysis of the locking process, since both diodes operate in the
vicinity of their peaks during locking.

(4) The capacitance C=C’ + C” is uniformly distributed along
the inductance L = L’ + L” to form a transmission line of charaeter-
istic impedance Z=+/L/C and delay r=+/LC. This is a major
approximation which we shall try to justify as we go along with the
discussion,

With these approximations the circuit takes the form of the trans-
mission-line model shown in Figure 6. To get a feel for the magnitude
of the characteristic impedances and the delays involved in this circuit,
it will be assumed that the typical 10-milliampere circuit has the
following reactances: C’=1 pf, C” =1 pf, C;, = 0.4 pf, L’ =200 ph,
L” =200 ph, Lj==1000 ph, whereby C =2 pf and L =400 ph, and
consequently Z =14.14 ohms, + =28.28 ps, Z, = 50 ohms, 7, =20 ps
(ps = picosecond = 10—12 second). For all realistic assumptions about
the reactances, Z varies between 4 and 40 ohms and 7 between 12 and
120 ps.

In the transmission-line model it is convenient to consider all
signals as waves. The intensity of a wave at a particular instant and
location can be defined as the square root of its instantaneous power.
The signal at a diode port can thus be expressed by
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1 Up L =
C :—‘< + z1)\/Z> — incident wave on the diode in (watts) %,
2

\Z
(7

1 Yp —
D= —< — — Z'1)\/Z> — reflected wave from the diode in (watts) %,
2
(8)

\Z
where v, is the voltage across the diode in volts, and i, the current
through the diode in amperes. Given a characteristic impedance Z and
the i,-versus-v, characteristic of the diode, the reflection properties

SCATTERING
WAVE NEIWORK WAVE
LAUNCHERS —— LAUNCHERS
—— ——

)
B
ﬂ. LWy,

9]

DIODE I 4 / DIODE IL

Ry

LOAD

Fig. 6—The transmission line model of the balanced-pair circuit.

of the diode can be represented by a relation.
D=46(C) = ¢(C) +yC, (9

where v = (R — Z)/ (R + Z) = reflection coefficient of the diode in the
linear part of the low-voltage positive-resistance region, and ¢(C) =
nonlinear part of the reflection characteristic 6(C).

The reflection characteristic, D = 6 (C), is the normalized tunnel-
diode characteristic i,\/Z versus v,/\/Z inverted and rotated 45° clock-
wise, as shown for three cases of peak currents and characteristic
impedances in Figure 7. The nonlinear part ¢(C) of the reflection
characteristic is shown for one of the cases in Figure 8. Figure 7
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Fig. 8—Nonlinear part of the reflection characteristic of a 10-ma
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7T—Reflection characteristics of tunnel diodes.
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shows that when the peak current and/or the characteristic impedance
is large, the reflection characteristic exhibits hysteresis. Hysteresis
indicates that whenever the diode is driven to a point in the negative-
resistance region where the magnitude of the negative resistance, |R,]|,
is equal to the characteristic impedance Z of the transmission line
connected to the diode, the diode switches infinitely fast along a line
C = constant. This means that the region of the characteristic where
|R,| < Z cannot be reached under any circumstances. The property
of hysteresis is related in a simple manner to the stability conditions
of a voltage-controlled negative-resistance device loaded by a resistor.
These stability conditions are indicated in Figure 9. It is seen that
whenever |R,| < Z the system is unconditionally unstable. It is of
interest for a justification of the transmission-line model that the
stability conditions are the same whether all shunt capacitances are

Rp <O

SWITCHES IF Ry >[R, |
OSCILLATES IF Ry < Z,}IR |
n

Fig. 9—Stability conditions for a voltage controlled negative resistance.

lumped together at the negative-resistance element or are uniformly
distributed along the lead inductance. It should be pointed out that
although the stability criteria and the nature of the events which
happen in an unstable state are the same for both models, the shapes
of the waveforms generated in an unstable state are different. Infi-
nitely fast switching, for example, can obviously not occur in a system
with lumped reactances.

In the transmission line model shown in Figure 6, all the sources
in the system are represented by equivalent “wave launchers” at the
diode ports. This is permissible because of the assumption that the
network which interconnects the ideal diodes is linear. To determine
the intensity of the wave launchers, let the diodes be replaced by re-
sistances R and let the currents through these resistances be ¢ (¢t) + At
and i(t) — Ai, where 2A¢ is the logic input current and ¢(¢) is caused
by the power source E (t). If the reactances are small, the current i(¢)
is approximately
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E)
i(t) =

. (10)
R+4r

According to Equation (7) the incident wave on a resistor R caused
by its closest launcher is

1 R _
y(8) £ Ay =— (i(t) % A7) <—+\/Z>, (11)
2 VZ

which causes a reflected wave ¢ (y(t) = Ay) where

R—2Z
R4+ Z

Consequently all the sources in the system can be replaced by a
set of wave launchers y(¢) = Ay directed towards the diodes, and a
set of wave launchers —y(y () = Ay) directed from the diodes towards
the network. The latter cancel the reflected waves from the diode ports
when the diodes are replaced by resistances R, thus de-energizing the
network which interconnects the resistances R. Consequently, all
events which occur in the interconnecting network when the diodes
are reinserted, can be attributed to the fact that the diodes depart
from being linear resistances.

The events in the system can now be formally expressed. As a
simplification, a load resistance R, is chosen which matches the char-
acteristic impedance, Z;, of the load port. With this assumption, the
incident waves on the diodes at time ¢t are

<Cl<t>>_<y<t> +A~/>
Cot)/) \y(t) —ay
< Sn—Sm‘> <0[Cl(t—27)]——[y(t—27)+AY]¢'>
+ b

— Sia St 9ng(t—27)] - [Y(t_ZT) _AY]!!'
(13)

where S, is the reflection coefficient and S,, the transmission coefficient
of the resistive pad made up by the source resistors and the load:

r2—Z72 4 2rZ,
(r+2)y(r+2+27;)

Sy =
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277,
S = . (14)
(r+2)(r+2+27;)

The problem is to find the steady-state solution of Equation (13)
for periodic sources y(t). However, it is much simpler to find the
transient solution assuming that at the beginning of the process the
system has recovered from past transients and that the diodes are on
the linear parts of their low-voltage positive-resistance regions going
towards their peaks under the influence of the wave launchers y(t) =
Ay. If the reflection characteristic 8 (C) has no hysteresis, the sequence
of events can be completely determined by iteration of Equation (13),
given a starting point. If 6 (C) has hysteresis, several starting points
must be tested to see where they lead. The iteration process is fairly
simple, and some results of such point-by-point calculations are given
later. A point-by-point calculation is fine for a final analysis of a given
circuit operating under given circumstances. However, to estimate the
maximum frequency, fm,x, and to synthesize the circuit for high-
frequency operation, an approximate explicit expression for f,,. is
required.

LOCKING

The events during locking can be discussed with the help of the
simple circuit shown in Figure 6. At the beginning of the cycle, both
diodes are low and both are driven towards their peaks by time-varying
sources. Let the intensity y () + Ay of the wave launcher associated
with diode I be ahead of the intensity y(¢) — Ay of the wave launcher
associated with diode II by a small amount, 2Ay, determined by the
input logic signal. As long as the diodes are on the linear parts of
their low-voltage positive-resistance regions, they behave as resistors
R, and consequently nothing happens in the network which intercon-
nects them, provided the circuit has recovered from past transients.
There is no communication between the diodes and neither one of them
knows which is ahead. As diode I enters the nonlinear region around
its peak, it sends an inhibiting signal to diode II. This signal is
delayed a time 2r and attenuated by a factor S;» before it reaches
diode II. In the meantime, diode II enters its nonlinear region. If the
source rate dy (t) /dt = v is high, diode II may go far into its negative-
resistance region before it receives a significant inhibiting signal from
diode I. If diode II goes far enough, a regenerative process starts
which carries it over the negative-resistance region. After this re-
generative process has terminated, it is possible, but not certain, that
the inhibiting signal from diode I will reset diode II to a low state.
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However, while switching, diode II emits a strong signal, which also
may reset diode I to its low state. Thus both diodes may, temporarily,
be brought back into their low states, until diode I switches again. This
type of relaxation oscillation continues until the source intensity y(¢)
becomes so large that the diodes can no longer reset each other. These
oscillations cause an output consisting of one or many short pulses.
Although it is possible for the process to end with diode I high and
diode II low, it is more likely to end with both diodes in their valleys.
The outcome depends on the shape of the diode characteristics through-
out the negative-resistance regions, slight imbalances, slight variations
in logic input, and slight variations in the waveform of the power
sources. For reliable operation, it is therefore necessary that diode II
not go very far into the steep part of its negative-resistance region.
Exactly how far it can go is an academic question, since it is exceed-
ingly difficult to manufacture tunnel diodes with tight tolerances on
the shape of the negative-resistance region. Furthermore, since the
steep part of the negative-resistance region spans a voltage range
which is fairly small compared to the total voltage range of the char-
acteristic, the precise limit to which diode II can go is of no practical
concern. In terms of the transmission-line model, the incident wave
on diode II must not exceed a certain critical value Cy.. For diodes
with hysteresis, Cy. Is close to the point where the diode switches
unconditionally to a high state. For diodes without hysteresis, Cy,,
corresponds to a state somewhere between the peak and the steepest
part of the negative-resistance region.

Given Cj,., what is the largest possible source rate y during lock-
ing? Let t, be the instant when diode II is turned back, i.e., when

dC, (1)
dt te=t,

= ég(to) =0.

Assume that the source rate y is so high, and the curvature of the
reflection characteristics in the vicinity of the peaks so sharp, that both
diodes are still in the linear parts of their low-voltage positive-resist-
ance regions at an instant ¢, — 47. A consequence of this assumption
is that the incident waves on the diodes at an instant ¢, — 2+ are caused
only by their own wave launchers.

Cy(ty—27) =y, (ty —27) = y(t, —27) + Ay,

C2(ty — 27) = y5 (£, —27) =y (t, —2r) — Ay.
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The incident wave on diode II at the instant ¢, is therefore, according
to Equation (13),

Cy(tg) = v2(t) + Sy plya(tg—27)] — S12¢lv1(tg—27) 1.

Since ¢ (C) is a monotonically increasing function of C, as shown in
Figure 8, it follows that if S;; > S;., C5(¢,) can be negative only if
v1 > v». Thus, if S;; > S,,, the success of the locking process depends
entirely on the magnitude of the logic input signal. Since this signal
is small and unreliable, reliable operation requires that S;» be sub-
stantially larger than S,;;. When this is the case and when the logic
signal is small, the equation for C,(t,) can be approximated by replac-
ing y, by y; in the second term on the right, i.e.,

Co(ty) = ye (3o} — (312_311) ¢ [Yl(to_z‘f)]- (15)

Since the source rate is approximately constant for a duration of 2r,

the condition (;';,(to) = 0 gives the relation

1

¢ [y1(tp—27)] = (16)

127 Sll

The graphical construction in Figure 10 shows that the tangent of the
function ¢ (C) with a slope 1/(Sy» — S;;) intersects the C axis at

Co=v1(tg—27) — (810 — S11) ¢ [y1 ({4 —27)]. 17

Consequently, the condition Cs(t,) = Cyy,. gives the relation

v2(tg) —y1(fg—27) = y2r — 20y = Cy;p — Co =1, (18)
T + 2Ay
or y=E=—, (19)
27

where T is defined by the graphical construction in Figure 10.
Equation (19) can be expressed in terms of the circuit parameters.
Figure 10 shows that T' can be expressed as

I'= (S12_Sll) ¢ (U)’ (20)

where C is close to, but less than, Cy,... According to Equations (7),
(8), (9), and (14),
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Z—r ?p — Rip
= :

_Z—l—r R _
14+—)/2
Z

where (%, i) is a point on the tunnel-diode characteristic correspond-
ing to an incident wave C. Thus (9, i,) is somewhat closer to the
peak than the point on the tunnel-diode characteristic corresponding
to an incident wave Cj,,, i.e., the point to which diode II is allowed to go.

(21)

B0

e
R
L)
/2

%o,

o

PO

o c
° )‘,(to-/;r) Crine

S—

[=cppe=Co=(8,-5,)91C)

Fig. 10—Graphical determination of the quantity 1" appearing
in Equation (19).

If the source voltage E is a periodic function of time with a funda-
mental frequency f, the source rate during locking is

dE

dt

dE (9)
=27f ——

, (22)
teets dd

t=ty

where &% = 2xft. According to Equations (10), (11), and (22),

R
(1+—)ve
dE (9) z

y = 2xf , (23)
do —ty 2(R+1)
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R _
2ay=ai| 1+— |VZ. (24)
7

Insertion of Equations (21), (23), and (24) in Equation (19) gives
an approximate expression for the maximum fundamental frequency
of the a-c source;

1 1 By, —Riy) (R+7)(Z—7)
fmusz T +A’L(’I’+R)
dE(l?) T R 2
o 1+— 1) Z(Z+7)
s iy, Z

(25)

To illustrate this formula, consider the 10-milliampere circuit dis-
cussed earlier, for which » = 6.5 ohms, R = 3.5 ohms, Z = 14.14 ohms,
and r = 28.28 ps. The circuit operates with a sinusoidal a-¢, as shown
in Figure 4, for which

dE (9)
dd

= E = 200 millivolts.
t=tg

A graphical determination of T, carried out in Figure 8, reveals that
the factor ¥, — Ri, is 56 millivolts. At the maximum frequency, diode
II reaches the eritical point of unconditional switching, which is where
the negative resistance is equal to Z = 14.14 ohms. This is a little
further than the point %, = 89 millivolts, 7, = 9.5 milliamperes. Figure
92 indicates the location of this point. The effective logic input current,
after all fluctuations are accounted for, is 2A7 = .425 milliampere, as
estimated earlier. Insertion of these data in Equation (25) gives

Faax = ferit + Af = (255 4 60) = 315 megacycles. (26)

The first factor within the bracket of Equation (25) is independent
of the input signal and contributes to fy, While the second factor is
proportioned to the input signal and contributes to Af. To operate the
circuit at a frequency larger than .y an input signal is required,
while at frequencies below f. the circuit can operate with random
positive and negative locking without input signal. Equation (26)
indicates that even if the input signal is doubled, the maximum fre-
quency increases only from 315 to 375 me, i.e., 20 per cent. Thus, to
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operate the circuit at frequencies substantially larger than f ., a very
large input signal is required, with the consequence that the logic gain
becomes so small as to make the circuit useless.

To check Equation (25), the sequence of events in the 10 milliam-
pere circuit has been determined point by point by iteration of
Equation (13). Figure 11 shows the incident waves on the diodes as
a function of time when the circuit operates at 300 me. It is seen that
diode II is barely turned back before the incident wave reaches Cy,..
It is also seen that the success of the locking process is established
before any fast regenerative process has started. The fact that the
signals involved during locking are essentially made up of frequency
components at substantially lower frequencies than the cutoff frequency

W
70 -

IS
o

23

co (—
y=(247+47 siNWH) /W

Ip*10ma
L = 400ph

. C= 2pf
Z = 14.140hm
r= 6.50hm
RL*Zy* 50 ohm

Wig. 11—Incident waves of the diodes in the 10-ma circuit operating with
a 300-mc sinusoidal source.

of the actual reacvive network, justifies the transmission-line model.
Figure 12 shows the output pulse. It begins with a very slow rise
during the locking process. The fact that the output during locking
is very small justifies the approximation involved in neglecting reflec-
tions from the load due to a possible mismatch between R, and Z;.
Since the diodes in this circuit have hysteresis, diode I switches infi-
nitely fast, causing a sudden jump in the output. With some lumping
of the distribution of the reactances, the rise-time of this “jump” will
be of the order of magnitude of . After the jump, the output hesitates
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Fig. 12—Output pulse of the 10-ma circuit operating with a 300-me
sinusoidal source.

a little before it approaches a course which can be predicted by the
static v—F characteristic in Figure 4.
Figure 13 shows the output when the circuit runs at 400 me. Both
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Fig. 13—Output waveform of the 10-ma circuit operating with a
400-me sinusoidal source.
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diodes switch, reset each other, switch again and then, depending on
some very touchy conditions, either both diodes remain in their high
states with no output (solid line), or diode II is reset with full output
(dotted line). The short pulses in the output are typical for this mode
of operation. To make the circuit work reliably at 400 mec, the input
current must be increased by a factor of 2.4, i.e., to 1.02 milliamperes.
In a system of gates with a fan power of four, this is about the maxi-
mum available logic input current, and there would be no margin for
tolerances and noise. Point-by-point calculations by iteration of Equa-
tion (13) thus show that the circuit barely works at 300 mec, and that
it does not work at 400 me. This confirms the estimate of a maximum
frequency of 315 mc indicated in Equation (26).

What can be done to increase the maximum frequency? Since not
much can be done about the input signal, consideration is given to f.;,
which depends on the first term within the bracket of Equation (25).
For a given circuit, the only parameter that can be varied is the wave-
form of the source E (¢). With a sinusoidal a-c, the amplitude of the
a-c can be reduced to a point where the circuit barely locks and unlocks
at the crests of the a-c, and theoretically there is no limit to the maxi-
mum frequency. However, the output pulse will be so poor that the
circuit would be useless for operation in a system. Figure 4 shows the
degradation of the pulse shape in the 10-milliampere circuit when the
a-c is reduced by a factor of 4, i.e., from 200 to 50 millivolts, thereby
theoretically boosting the maximum frequency from 315 to 1260 mec.
Experimentally, balanced pair circuits have operated? with reduced a-c¢
at frequencies above 1000 mc.

Another possible way of reducing the source rate during locking
is to include harmonies in the a-c source. Figures 14 and 15 show that
the 10-milliampere circuit can operate at 1000 mc when the a-¢c wave-
form contains 40 per cent second harmonic. The source rate during
locking in this case is, in fact, smaller than with a sinusoidal a-c of 300
me. Figure 14 shows that diode II is turned back before it reaches its
peak. Figure 15 shows that the output pulse has a smaller and delayed
flat-top region compared to that of the pulse obtained with a sinusoidal
drive. Although harmonics in the a-c source definitely help to make
the locking process successful, they introduce the practical problem of
distributing the composite a-c waveform with precise shape, balance,
and level. The tolerance requirements on this waveform and on the
d-c bias are very stringent, since it is required that the slowly varying
part of the waveform occur during the very short locking interval.

The factor ¥, — Rip in Equation (25) is the only factor which
depends on the shape of the tunnel-diode characteristic. It is the voltage
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departure of the point ¥,, i, (which is on the negative-resistance
region part of the characteristic) from the linear part of the low-
voltage positive-resistance region. It is thus a measure of the width
of the peak. The point ¥, 5, which is close to the point to which diode
IT may go, is fairly independent of other circuit parameters, and con-
sequently the peak-width factor ¥, — Ri, is also fairly independent of
the circuit parameters, including the peak current. For the charac-
teristic shown in Figure 2, the peak-width factor varies between 40
and 60 millivolts. The peak width has a significant influence on the
locking process. Suppose, for example, that it is zero, which it would
be if the characteristic abruptly changed from a positive resistance R
to a negative resistance. Then, the maximum frequency would be
entirely dependent on the logic input. For the 10-milliampere circuit,
the maximum frequency would be only 60 me! If the peaks are broad,
the diodes have more time to “talk” to each other before something
drastic happens. One way of obtaining something equivalent to broad
peaks, is to drive the circuit ‘“backwards,” i.e., to let the process start
with both diodes in their high state and let them lock over their broad
valley regions. This mode of operation has several disadvantages—
it is very difficult to manufacture tunnel diodes with tight tolerances on
their properties in the valley- and high-voltage regions; these regions
are temperature and pressure sensitive; the capacitance in these regions
can be much larger than at the peaks; and the power consumption of
the circuit is very high.

For a circuit operating in the ordinary mode with a sinusoidai
drive of sufficient amplitude to produce flat-top output pulses

dE (%)

¥p — Rip = 50 mv, po
1

and consequently, the critical frequency is

1 1 (R+n){Z—r)
fcritg—_—— . (27)

8r 7 R \?
1+— ) ZZ+r)

b

The parameters R, Z=+/L/C and =~/LC are functions of the peak
current. For diodes made of the same material, the resistance R varies
with peak current as R =1Fkp/I,. To conform with the characteristic
shown in Figure 2, we shall assume that k, = 35 millivolts. The diode
capacitance at peak voltage varies with peak current according to the

A
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relationship C = K I, + €”. Usually the diode capacitance is specified
at valley voltage. According to Equation (4), the valley capacitance
is approximately C, = 1.6 K I, 4+ C”.

With this dependence of R and C on peak current, the critical fre-
quency can be determined as a function of peak current for an optimum
source resistance r. This relation is shown in Figure 16 for two cases
of inductances, L = 600 ph and L = 200 ph, and for two cases of diode
capacitances, C, = .16{, + 1 pf and C, = .081, + .5 pf, where I, is in
milliamperes. Figure 17 shows the optimum source resistance as a
function of peak current. Figure 16 shows that the critical frequency

-
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Fig. 16—Maximum frequency versus peak current for optimum source
resistance and small input signals.

has a maximum for a rather small peak current. The optimum peak
current is roughly k,//L/C”. The optimum peak current is below
10 milliamperes even for extremely small inductances (L = 100 ph),
extremely large case capacitances (C” = 5 pf), and extremely large
peak voltages (V, = 100 mv, k, = 50 mv). The optimum source re-
sistance for an optimum peak current is always zero, and for a wide
range of peak currents and reactances it is below 10 ohms.

Diodes with peak currents in the vicinity of this optimum peak
current have case capacitances which are substantially larger than
their junection capacitances. Consequently Z =~/L/C” and R = Z. Since
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the magnitude of the negative resistance in the steepest part of the
negative-resistance region is approximately R, =:3R = 3Z, the maxi-
mum reflection gain of an optimum peak current diode is approximately

an(c) R,+ 2
— ) =L =2
dac max Rn —Z

With such a small gain, the locking process must, in general, span
a duration much longer than 4r, which violates the assumptions on
which Equation (25) is based. The validity of Equation (25) and
of the curves in Figure 15 are therefore doubtful in the vicinity of
the optimum peak current. The performance of circuits with low-gain

OHM ‘[
8

Cy={.08Ip+.5)pt

Cy=(.161p+1)pf

L=600ph

Cv={.081p+.5}pf

Cy=(.l6Ip+1)pt

L=200ph

.5 | 2 S 10 20 50 ma

Fig. 17—Optimum source resistance for high locking frequency
versus peak current.

diodes must therefore be analyzed with a point-by-point determination
of the sequence of events. Consider, for example, a circuit with opti-
mum peak current diodes, zero source resistance, and no load. Let the
peak current be /, = 1.91 milliamperes, the capacitance C=.1,4+1
= 1.19 pf, the inductance L — 400 ph, and the logic input current 2.
=.1I,. The delay is r=21.8 ps and the characteristic impedance is
Z = R =18.35 ohms. Figure 18 shows the incident waves on the diodes
as a function of time when the circuit operates at 380 mc. It is seen
that the locking process, although successful, spans a long duration of
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time during which diode II makes several excursions deep into the
negative-resistance region (Cy,, in Figure 18 corresponds to the steep
est part of the negative-resistance region). This oscillatory behavio
is typical for circuits with small source resistors. Besides being unre-
liable, this circuit is unrealizable (r = 0) and useless (R, = o). When
the circuit operates with a realistic source resistance r = 18.35 ohms
and a load R; — 200 ohms, the output pulse is as shown in Figure 19.
The circuit can operate at 320 me with an input current 2A¢ =0.076 I,
but does not work if either the frequency is increased to 480 mec or
the logic input is reduced to 0.0387,. The rise time is long, the pulse
top rounded, and the success of the locking process is sensitively de-

T=21.8ps Z=18350hm L=400ph C=113pf

&0

50

40

30

o 1 1 I 1 \ L I i 1
-io [¢] [{e] 20 30 40 50 60 70 80

wt

Fig. 18—Incident waves on diodes in a circuit with 1.9-ma diodes, no source
resistance, and no load operating with a 380-mc sinusoidal source.

pendent of the logic input. According to Equation (25), the critical
frequency for this circuit is zero and the maximum frequency with
an input current 2A¢ = 0.0761, is only 100 me, which is much lower
than the 320 mc at which the circuit actually can work. Equation (25)
is clearly not valid for low-gain diodes. Low-gain diodes are, however,
of little interest for high-speed circuits, not only because of poor rise
time, strong dependence on logic input, rounded pulses, and sensitivity
to the exact shape of the negative resistance region, but also because,
for all realistic reactances, the peak current is extremely low with the
consequence that the impedance level is impractically high.
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For these reasons, a peak current must be chosen which is much
larger than the peak current that theoretically gives the highest fre-
quency. Some hysteresis in the reflection characteristic is desirable
to secure a fast and reliable locking process and a short rise time.
Judging from Figure 15, it appears that for a wide range of realistic
reactances, the best compromise is a peak current between 5 and 15
milliamperes. At larger peak currents the impedance level becomes
so low that lead inductances limit the speed, while at lower peak cur-
rents, the impedance level becomes so high that the diode capacitances
limit the rise time. The 10-milliampere circuit is an example of a
compromise design. The inductance assumed, L = 400 ph, is perhaps

Ip=1.91ma
L =400 ph
E= (90 + 200 stnwt )mV C=119pt
V, 2:=18.350
B T=21.8pS
250 r=18.350
R_ =200 ohm
200
320 me
=1 2ai=76%Ip
501
100 { 480 mc
/ 28176 % 1p
sor \¥ 320 mc
*'{ 2Ai=3.8%1Ip
1 L 1 L { 0 \ l‘ut
-20 0 20 40 60 80 100 120 140 160 180°

Fig. 19—Output waveforms of a circuit with low-gain diodes.

optimistically small. In reality the inductance is likely to be larger
than 500 ph, and the maximum frequency closer to 250 mc than to
300 me. Although the optimum source resistance for high-frequency
operation is, according to Figure 17, about 3 ohms, a larger source
resistance (r = 6.5 ohms) has been chosen to widen the top of the pulse
and to prevent oscillations of a type which are discussed in the next
section.

The effect of imbalances can be estimated by perturbation methods.
During the locking process, imbalances generate signals which have
the same effect as a logic input current, and consequently they “eat
up” some of the available input. An estimate of these undesirable
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signals is not difficult to carry out, but is a rather lengthy procedure
and is not included here. The main conclusion is, as can be guessed,
that tolerance requirements are extremely stringent when the circuit
operates close to its maximum frequency. The balance of the capaci-
tances and the peak widths of the diodes, which can be expressed in
terms of peak-voltage balance, is particularly critical. Peak voltages
and diode capacitances must be balanced within less than 10 per cent
for a worst-case design. However, it is not realistic to hope that a
worst-case-designed circuit can operate at the predicted ultimate speed.
Individual adjustments of the threshold bias on the gates appear to be
a necessity. Imbalances due to aging are probably small compared 4o
initial imbalances.

OTHER REACTIVE EFFECTS
Recovery

The analysis of the locking process in the previous section is a
transient analysis based on the assumption that the circuit has com-
pletely recovered from past transients at the beginning of the process.
When the locking process starts, both diodes have been in the linear
part of their low-voltage positive-resistance regions for about half a
cycle of the fundamental frequency of the power source. An investiga-
tion of the natural complex frequencies of the circuit, with the diodes
replaced by resistances R, reveals that for all realistic reactances and
all realistic designs of the circuit, the circuit has recovered within half
a cycle of the maximum frequency at which the circuit can operate
with a sinusoidal a-c. Thus, in a properly designed circuit, recovery
is not a problem. If the frequency is boosted by using harmonics in
the a-c waveform, recovery mayv become a problem. Also, if the induct-
ance in the load is exceptionally large, L; > 10 nh (nh = nanohenry =
10—9% henry), the circuit mayv not recover. Whatever is left of the
output current in L; when the process starts anew, acts as a logic input
current. This may cause alternate positive and negative locking of
the circuit.

When the circuit produces an output of the same sign for a long
duration of time, it is possible that a bias can build up, either by
thermal imbalance of the diodes or by ‘“d-¢ buildup” in the power-
distribution system. With some care in the choice of diodes and in the
design of the power-distribution system,® such bias buildup can be
limited to a tolerable level.

Self Resetting

Occasionally it is found that the diode which initially switches will
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reset itself. This phenomenon may occur even at low source frequencies
if the source resistance is small and the lead inductances are large. It
can be discussed with the help of the transmission-line model shown
in Figure 6. Let diode I be favored by the logic input. Let the locking
process be successful, and let diode I switch. A strong wave of intensity
A is emitted from diode I at the switching instant . At an instant
t + 27 diode I receives a reflected wave S;;A. If S|, is negative, which
it is if »(r + 2Z,) < Z2, this reflected wave can be strong enough to
reset diode I. Even if it is not strong enough to reset diode I, it will
cause an undesirable oscillatory behavior of the switching process. In
a properly designed circuit, the source resistance and the load should
be chosen so as to make Sy, > 0, i.e,, »(» + 2Z,) > Z2. The 10-milliam-
pere circuit satisfies this condition. Even when S, > 0, self-resetting
may occur. The strong wave A4, emitted by diode I, is also transferred
through the resistive pad, reaches diode II, drives it deeply back into
its low-voltage, positive-resistance region, is reflected by diode 11,
goes back through the pad, and reaches diode I at an instant ¢ + 4+
with an intensity ¢S,,24. If ¢ is negative, which it generally is, this
wave may be strong enough to reset diode I. To avoid this kind of
self-resetting, S,, and [¢]| must not be too large. This means that the
source resistance must not be too small and the peak current must not
be too large. An exact criterion for avoiding self-resetting is difficult
to derive, because it depends on the shape of the characteristic through-
out the negative-resistance region. A sufficient condition is that
Si; + ¢S1»* > 0. The 10-milliampere circuit satisfies this condition
when the source resistance is 6.5 ohms, but not when the source resist-
ance is 3 ohms, which is theoretically the optimum for high-frequency
operation. The choice of source resistance is thus a compromise be-
tween the desire to have low attenuation in the communication path
between the diodes to secure locking and high attenuation to prevent
self-resetting. After self-resetting a new and usually unsuccessful
locking process starts. Self-resetting may also repeat a few times.

Self-resetting occurs more readily at low frequencies than at high
frequencies. At high frequencies the source may drive diode I so far
into its high-voltage positive-resistance region before the reflected
wave comes back, that the reflected wave cannot reset the diode. Thus,
it is possible that a circuit may work at high frequencies but not at
low frequencies.

Switching Speed

In the transmission-line model, diodes with hysteresis switch in-
finitely fast. This is an obvious misrepresentation of reality. If all
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the capacitance of a diode is lumped at the junction, the rise time of
the voltage transient across the diode when it switches from a low-
voltage stable bias Vj, to a high-voltage stable bias V, is

Va—V5)

Ty = Cv - -

(I, —1,)

where 7, is in nanoseconds, C, in picofarads, V, and V, in volts, and
I, and I, in milliamperes. For germanium tunnel diodes with 1,/C,
ratios between 5 and 10, the rise time of the voltage transient across
the diode is between 0.1 and 0.05 ns. Thus, as long as the frequency
of the a-c source driving the balanced pair circuit is less than 300 mc,
which is roughly the maximum frequency at which the circuit can
operate reliably with a sinusoidal a-c, this rise time is much less than
1/4 of the cycle time. Consequently, even with a lumped model of the
circuit, the finite switching speed of the diodes does not have a signifi-
cant influence on the pulse shape.

The finite switching speed of the diodes may, however, have a
significant influence on the performance of circuits operating at much
higher frequencies, which is theoretically possible with a nonsinusoidal
a-c source. The pulse shape shown in Figure 14 for a circuit operating
at 1000 me is unrealistic because, in reality, the rise-time takes a good
portion of 1/4 of a cycle.

In circuits with diodes which do not have hysteresis, which in prac-
tice means diodes with small peak currents, the switching process is
slow, with the consequence that the pulse shape should be about the
same when computed with the transmission line model as with a lumped
model.*

It is concluded that, in general, the finite switching speed of the
diodes, measured in terms of their I,/C, ratios, is not the principal
factor that limits the speed of the balanced-pair circuit.

CONCLUSIONS

At the present state of device and circuit technology, the maximum
repetition rate, f,.., at which the balanced pair circuit can operate
reliably with useful output pulses, a total fan power of four, and a
sinusoidal clock-source, is approximately 250 mc. As the frequency is
increased beyond f,,. the outcome of the switching process depends

+G. B. Herzog, “Tunnel-Diode Balanced-Pair Switching Analysis,”
RCA Review, Vol. XXIII, No. 2, p. 187, June (1962).
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on a large number of uncontrollable factors such as the oscillatory
behavior of the circuit; the exact shape, level, and frequency of the
power source; the balance of the reactances; and the exact shapes
of the characteristics of the tunnel diodes throughout their negative-
resistance and valley regions. To operate the circuit reliably at a fre-
quency substantially larger than f,.., a large logic input signal is
required, with the consequence that the logic gain becomes so small
as to make the circuit useless.

With a three-phase clock source, the stage delay at a clock-frequency
of 250 mc is 1.3 ns, which is an order of magnitude larger than the
rise-time (transition time) of the junction voltage of a high-speed
tunnel diode switching from a low-voltage state to a high-voltage state.
The basic reason why the balanced pair circuit is so slow compared to
the speed capability of tunnel diodes is that the success of the switching
process depends on the communication between the two diodes during
the small fraction of the a-c cycle when the diodes are driven over their
peaks. Lead inductances and diode capacitances introduce a delay in
the transmission path between the diodes. This delay, and not the
finite switching speed of the diodes, is the principal factor which
limits the speed of the circuit. At the present state of device and
circuit technology, this inter-diode path delay is only a few hundredths
of a nanosecond, which is the time it takes light to travel a fraction
of an inch in free space. The fact that such a small delay is the main
factor that limits the speed of the circuit indicates that microminia-
turized integrated circuit techniques are required to increase the speed
of the circuit significantly. However, heat dissipation is already a
problem with the present “large” packaging of the circuit, and conse-
quently heat will put a limit to the extent the circuit can be minia-
turized. Therefore, it does not seem likely that improved technology
could significantly improve the speed of the circuit. To generalize a
little, it appears that because of unavoidable path delays, a switching
circuit intended for kilomegacycle speed must not depend on the inter-
action between two devices, as the balanced-pair circuit does.

By introducing harmonics in the a-c source in such a manner as
to slow down the source rate during the time when the diodes are driven
over their peaks, the repetition rate can theoretically be increased to
a point where factors such as the finite switching speed of the diodes,
ringing, and recovery limit the speed of the circuit. It has been esti-
mated that with a-c containing a second harmonic, the circuit could
operate at a repetition rate three times larger than with sinusoidal a-c.
However, the method of introducing harmonics in the a-c, besides
degrading the pulse shape somewhat, introduces the practical problem
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of distributing the composite a-c waveform with precise balance, shape,
and level. It appears to be difficult to use such a composite a-c clock-
source in a practical system.

The repetition rate can alsg be significantly increased at the expense
of the shape and amplitude of the output pulse by operating the circuit
with a sinusoidal a-c of less than “nominal’’ amplitude. This conclusion
is confirmed by the experimental fact that balanced-pair circuits have
sperated up to 1200 mc.3 However, tolerance requirements on compo-
nents and sources are already very stringent in a system operating
with “nominal” a-¢ amplitude3 By reducing the a-c amplitude and
degrading the pulse shape, the tolerance requirements become imprac-
tical. Thus, it does not appear that the method of increasing the
repetition rate by reducing the amplitude of the a-c could be used in
a practical system.

The reactances have their most significant influence on the perform-
ance of the circuit during the locking process, which occurs during the
small fraction of the a-c cycle when the diodes are driven over their
peaks. Their effects during the remaining part of the a-c cycle have,
in general, a minor influence on the performance of the circuit. Re-
active effects such as ringing, recovery, oscillations, limited switching
speed, thermal unbalance and d-c buildup during repetitious switching
can be kept under control with some care in the design of the circuit,
the interconnections between circuits, and the power distribution
system.

Attempts to optimize the parameters of the balanced-pair circuit
indicate that for a wide range of realistic reactances the optimum
peak current is between 5 and 15 milliamperes. At higher peak cur-
rents, the impedance level of the circuit is so low that lead inductances
limit the speed, while at lower peak currents the diode capacitances
limit the speed. This result, which indicates that a maximum speed is
obtained at an impedance level that represents a compromise between
the speed-limiting effects of capacitances and inductances in devices,
components, and interconnections, may be of interest for the design
of high-speed circuits and systems in general.
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Summary—The major problems that thus far have limited applications
of tumnel-diode circuits in computers are those of distribution of power
supply voltages, packaging, subsystem fabrication techniques, and system
tolerances. This paper presents experimental and analytical results obtained
in an exploratory program to determine, in relation to the above problems,
the applicability of tunnel-diode balanced-pair circuits as building blocks
for high-speed computers.

Part I discusses solutions to the first three of the above problems and
presents experimental results obtained from operating balanced-pair circuits
with sinusoidal power supplies having a frequency (repetition rate) range
of 100 me to 1 kme. These power supplies have, in addition to the a-c
component, a d-c component which is used for biasing purposes. Two basic
power distribution techniques are described. These techniques were em-
ployed in scale-of-two counters operating at both 150- and 450-me repetition
rates and in {fwo, three-bit end-around shift registers operating at 150-me
repetition rates. The fabrication technique used in one of the shift registers,
which 1s suitable for small systems, is also described.

Part II deals with the problem of system tolerances, which remains gs
the limiting factor in the application of tunnel-diode balanced-pair circuits
for high-speed computers.

PART I—POWER SUPPLY, PACKAGING AND
SUBSYSTEM FABRICATION

INTRODUCTION

for high-speed computer applications due to their high cutoff
frequency, simplicity, and stability.’™® The major problems
which have thus far limited applications of tunnel-diode circuits in

TUNNEL-DIODES are being considered as prime candidates

1 L. Esaki, “New Phenomenon in Narrow Germanium p-n Junctions,”
Phys. Rev., Vol. 109, p. 603, January 15, 1958.

2H. S. Sommers, “Tunnel Diodes as High-Frequency Devices,” Proec.
L.R.E., Vol. 47, p. 1201, July, 1959.

3 R. Trambarulo and C. A. Burns, “Esaki Diode Oscillators from 3 to
40 kme,” Proc. I.R.E., Vol. 48, p. 1776, October, 1960.

*M. H. Lewin, ‘“Negative Resistance Elements as Digital Computer
Components,” Proc. E.J.C.C., Boston Mass., p. 15, December 1-3, 1959,

5J. A. Rajchman. “Solid-State Microwave High-Speed Computers,”
Proe. E.J.C.C., Boston, Mass., p. 38, December 1-3, 1959.
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computers are those of distribution of power supply voltages, packag-
ing, subsystem fabrication techniques, and system tolerances. The
purpose of this paper is to report results obtained in an exploratory
program to determine, in relation to the above system problems, the
applicability of a particular class of tunnel-diode circuits, the balanced-
pair circuits, as building blocks for high-speed computers.

A logical building block must provide a functionally complete set
as well as meet electrical requirements of signal amplification and
standardization. As logical decision rates (the reciprocal of the time
required to perform a logical decision) increase, building-block require-
ments, particularly those of physical size and reliability, vastly in-
crease. Geometrical positioning and logical versatility of high-speed
(0.5-nanosecond stage delay) computer building blocks are extremely
important since the delay in a wiring path four inches long is equiva-
lent to one stage delay. Due to these constraints, system organization
is no longer separable from geometrical problems.

Tunnel-diode balanced-pair circuits amplify and standardize signals
each time a logical decision is made, and are, in principle, capable of
11 separate logical functions in addition to amplification. They are
of small size (3 X 10—2 cubic inch) and low in power consumption (on
the order of 50 milliwatts). These properties qualify balanced-pair
circuits for consideration as high-speed computer building blocks.

A balanced-pair circuit is basically a pair of matched tunnel-diodes
and matched power supplies arranged in a symmetrical configuration
giving a one-port circuit which is capable of both positive and negative
output pulses. Logical directivity is obtained by using a multiphase
power supply system. A balanced-pair majority circuit® uses two
opposite nodes of the symmetric circuit, one of which is common to
the two power supplies and the other of which is common to the two
tunnel diodes, as input—output terminals. A balanced-pair inverter
circuit” uses as output terminals the same input-output terminals as
the majority circuit. One of the inverter input terminals, which is also
an output terminal, is the node common to the two power supplies.
The other input terminal is the intersection of two resistors connected
in series between the two remaining nodes of the symmetric circuit.
Each of these two nodes is common to a power supply and a tunnel diode.

Part 1 of this two-part paper discusses basic concepts of the two
types of balanced-pair circuits, namely, operating principles of both

6 A. W. Lo. French patent No. 1,246,094 issued January 27, 1960;
Belgian patent No. 586,900 issued January 25. 1960.

7 Interm Research Repert No. TA for High-Speed Data Processor
Qystem Research, RCA, Camden. N. J., for the period June 1. 1960 to
Aungust 30. 1960, p. 2-2 to 92-4, ASTIA document No. AD 253.919 (11 April

1961),
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majority and inverter balanced-pair circuits. Fach of these concepts
is viewed from purely static conditions. That is, all reactances are
neglected and switching is considered to be instantaneous. In addition,
Part I describes methods of distributing a-c power-supply voltages to
large numbers of balanced-pair circuits, several small experimental
subsystems which were constructed to evaluate balanced-pair circuits,
circuit packaging, and subsystem fabrication techniques useful for
large-scale subsystems. Although fabrication techniques discussed
were not evaluated above 450 me, the concepts employed appear to be
extendable to 1-kme systems.

A discussion of the factors which govern the widths of output
pulses of majority circuits, the restrictions on lengths of transmission
lines used for logic interconnections between balanced-pair cireuits,
and of the influence of these factors on the problem of circuit tolerances
is contained in Part II. The results of a static tolerance analysis of
balanced-pair logic systems are also presented.

MAJORITY CIRCUIT

Majority logic is performed with a linear summation network at
the input—output terminals of a majority circuit. Majority circuits
diseriminate between positive and negative current inputs resulting
from the summation, then amplify and produce standardized output
pulses. Tolerances permitting, weighted majority logic is possible.
The logical AND and OR operations are special cases of the majority
operation with a constant reference, either “1” or “0”, applied to one
or more inputs of the summation network. The effect of this constant
reference can be achieved by either initially choosing tunnel diodes
with unequal peak or valley currents or unbalancing two mateched diodes
with a d-c current source applied directly to the input—output terminals.

Principles governing operation of majority circuits will now be
described in terms of operating points on tunnel-diode voltage—current
characteristics. All reactances are neglected and switching is consid-
ered instantaneous.

The schematic diagram of a balanced-pair majority ecircuit is shown
in Figure 1. The two matched power supplies, e, each having a sinu-
soidal waveform with a d-c component, can be varied to give two modes
of operation which differ with respect to one another due to relative
magnitudes of the d-e¢ component of the power supplies. In mode (a),
the d-c component is such that both tunnel diodes are initiallv in the
low-voltage state, with one tunnel diode switching to its high-voltage
state: in mode (b), both tunnel diodes are initially held in their high-
voltage state by the d-c component of the power supplies, with one
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D,

NORTON EQUIVALENT
OF INPUT NETWORK

Fig. 1—Tunnel-diode balanced-pair majority circuit. . is the Norton
equivalent of the input current from other circuits.

tunnel diode switching to its low-voltage state. It will be shown that
mode (a) operation is preferable. But first a more complete descrip-
tion of the two modes of operation will be given.

The basic operation of a majority cireuit in mode (a) is illustrated
in Figure 2. Here, curve D,, which represents the V-I characteristic

D, b,
(a) Ze V= v
g V&0 +eg
—
i
1
1
|
D, i D,
1
!
(b) v
-& Y +eg

V
:
“Vo

Fig. 2—Characteristic curves of a majority circuit for various values of e,

in.atode (a) operation.
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of diode TD,, is a nonlinear load line applied to curve D,, which repre-
sents the V-I characteristic of diode TD,. (Effects of the source
resistance of the power supplies, R, is included in the curves D, and
D..) Initially, both tunnel diodes are in their low-voltage regions as
shown in Figure 2a and the output voltage, V,, is zero. As the balanced
power supply voltages, e,, increase, as shown in Figure 2b, Vo will
assume a negative value if the peak current of diode TD,, Ip,, is
greater than the peak current of diode TD,, Ip,. Conversely, if Ip, is
greater than I,, V, will be positive.” When e, reaches its maximum

MIN

Fig. 3—Characteristic curves of a majority circuit for various values of e,
in mode (b) operation.

value, the characteristic curves are shown in Figure 2c. Effects of a
net load, E;, i.e., the parallel combination of fan-in and fan-out re-
sistors, across input—output terminals AB in Figure 1, may be included
as an increase in the loading on diode TD,. The net load line on curve
D, is then a composite of D, and R,, D’; in Figure 2c.

Operation of a majority circuit in mode (b) is illustrated in Figure
3. Here, curve D, is a nonlinear load line applied to curve D,. Initially,

* In this paper, a positive V, represents a “1” and a negative V, rep-
resents a “0.”
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both tunnel diodes are in their high-voltage regions and V, is zero as
shown in Figure 3a. As e, decreases (Figure 3b), V, assumes a positive
value if the valley current of diode TD,, Iy,, is greater than the valley
current of diode TD,, Iy, Conversely, if Iy, is greater than Iy, Vo
will be negative. When e, reaches its minimum value, the characteristic
curves are as shown in Figure 3c.

Majority circuits exhibit a locking property,™® i.e., circuit states
which represent a “1” and “0” at the output terminals AB are, once
they have been reached, stable and independent of other inputs and
reasonable loading. For a unilateral logic system, then, it is sufficient
that majority circuits, when bilaterally coupled, be powered with a
multiphase power supply of at least three phases.

When a majority circuit is operated in mode (a), neglecting react-
ances, the instant of locking, or the point where the state which the
circuit will enter is determined, is when e, = Vp, where Vp is equal to
the peak voltage, Ej, associated with the tunnel-diode characteristic
plus I.R, the voltage drop across R,. For mode (b), locking takes
place when e, = V;, where V, is equal to the valley voltage, E,, asso-
ciated with the tunnel-diode characteristics plus IR, the voltage drop
across R, Experience has shown that Ey has a greater variation from
¢ireuit to eircuit than E,. This indicates that a switching threshold as
determined by the valley region of a tunnel-diode characteristic is not
clearly defined. For this reason, mode (a) operation is preferable.

Unbalanecing the tunnel-diode currents as their peaks or valleys are
being passed determines the ultimate circuit state. This imbalance can
be accomplished by inserting a small current into terminal A if diode
TD, is to enter its high-voltage region, or by drawing a small current
from terminal A if diode TD, is to enter its high-voltage region (see
Figure 1). Final circuit states also can be affected by choosing tunnel
diodes with unbalanced peak or valley currents. As such, majority
cireuits not only discriminate as to the polarity of the input current
from the linear summation network but also the magnitude of these
current inputs.

The magnitude of the ratio of current entering or leaving terminal
A (Figure 1) to nominal peak current of the tunnel diodes for an
operating circuit is termed the sensitivity of a majority circuit. Mini-
mum sensitivity denotes the lowest value of sensitivity for which a
circuit will operate properly. Experimentally, minimum sensitivities of
the order of 1 per cent were commonly achieved at a 150-mc repetition
rate by adjusting only the d-c bias current. This adjustment served
to overcome many inherent circuit imbalances. Similar experiments
have required a minimum sensitivity of 6 per cent for operation at
1-kme and 1.2-kme repetition rates. Empirical information on output-
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Table I

Peak Current of Net Load Minimum Output

Frequency Tunnel Diode Ohms Current Sensitivity Voltage
(me) (ma) (ma) (%) (mv)
150 5 7.5 2.4 1 +180
150 50 12.5 14 1.5 +180
750 50 25 7.2 6 +180

1200 50 50 3.6 6 +180*

* estimate

voltage amplitude, maximum loading, and sensitivity is sufficient to
give a circuit’s fan power and yield an appropriate value for coupling
resistors. Values of minimum sensitivity, output-voltage amplitude,
and net load derived from operation of several majority circuits in the
150-mc to 1.2-kmc frequency range, are tabulated in Table I. Typical
V-I characteristics of the germanium tunnel diodes used to obtain
the results given in Table I are shown in Figure 4. The capacitances
of the 50-ma and 5-ma diodes were 10 picofarads (10 X 10~!2 farad)
and 3 picofarads, respectively.

Figure 5 shows typical “1” and “0” output waveforms of the 5-ma
and 50-ma majority circuits operating at a 150-mc repetition rate.

(@)

| Sma/div t

100 mv/div

Ima/div

50 mv/div

Fig. 4—Typical tunnel-diode volt-ampere characteristics:
(a) 50-ma germanium unit; (b) 5-ma germanium unit.



496 RCA REVIEW December 1962

In addition, Figure 5 shows an output voltage waveform for 1.2-kme
operation.” Measured rise and fall times were 0.3 nanosecond (0.3 X
10—? second) which was equal to the rise time of the sampling oscillo-
scope. The triangular shape of the output pulses is typical of the
performance of these majority circuits above 150 me.

If the information given in Table I is used to calculate fan-power,
the 5- and 50-ma circuits at 150 mc have fan-powers of 48 and 14,
respectively, while the 50-ma circuits at 750-mc and 1,200-mc have

SmA DIODES 50mA DIODES
150 - Mc 150 —Mc

180 mv iI80mv

t = InSEC./DIV.
50mA DIODES
750- Mc “o"
180 mv
pr-s— 50 mA DIODES
t = InSEC/Div. 1200 —Mc

180 —mv

t=0.5nSEC./DIV.,

Fig. 5—Output waveforms of balanced-pair majority circuits.
1
fan-powers of two and one, respectively. The information used to
caleulate these values of fan power was obtained from circuits oper-
ating individually with no concern for system tolerances. When these
circuits are incorporated into a system, various tolerances must be
considered. In order to obtain reliable operation, much of this fan-
power must be sacrificed. Thus, even though majority circuits can
operate in excess of 1l-kmc repetition rates, the amount of fan-power
available at repetition rates above the 150-mc range is insufficient to
allow any sacrifice for reasonable system tolerances.
The exact amount of fan-power as a function of system tolerances
for the 5- and 50-ma circuits at 150 me is discussed in Part II.

* Unless otherwise specified, mode (a) operation was used in experi-
mental work described in this paper.
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INVERTER CIRCUIT

The balanced-pair inverter circuit is shown in Figure 6. An input
or signal current, I/, at inversion terminals CD will produce equal
signal currents in resistors labeled R, in the figure. If the net output
resistance, R, across terminals AB is infinite, no signal current flows
through the two diades. If R;; is finite, an additional path to ground
is provided for input signal currents. As a consequence, one half of
Iy;, the current through Ry, flows through each of the tunnel-diodes,
TD, and TD.. In combination with power-supply currents, this results
in unequal currents in the diodes. The tunnel-diode with a larger net

L
V2 1,

—_—

NORTON EQUIVALENT
OF INPUT NETWORK

+ POWER
SUPPLY
R, D) CURRENT
e
9
e 172 1yp

172 1y

POWER
SUPPLY
0, CURRENT

Fig. 6—Balanced-pair inverter circuit. Terminals CD are the inversion
input terminals and terminals AB are the output terminals. Is is the
Norton equivalent input current from other circuits.

current (in this case TD,) will be switched to its high-voltage region.
Thus, a current entering terminal C will cause diode TD; to be switched
to its high-voltage region with a resulting negative output voltage, Von
across R;;. Conversely, a current leaving terminal C will cause diode
TD. to be switched to its high-voltage region with a resulting positive
output voltage, V,, across R;;.

It is possible to perform majority logic with some inputs comple-
mented by using the inverter circuit. Input signals are connected to
both its input and output terminals (complemented inputs to terminals
CD). Thus, balanced-pair majority and inverter circuits are capable
of 11 separate logical junctions including amplification.” In other
respects, balanced-pair inverter circuits are similar in behavior to



498 RCA REVIEW December 1962

majority circuits; thus, further discussions are restricted primarily
to majority circuits.

Two balanced-pair building blocks, one which is capable of AND
and OR logic and another which is capable of inversion, have been
described. Together, these building blocks provide a functionally com-
plete set that amplifies and standardizes logic signals. The problems
of distributing the high-frequency a-c supply voltages as well as prob-
lems of packaging and subsystem fabrication techniques are determin-
ing factors in successful integration of these building blocks into high-
speed computers. Solutions to these problems will now be discussed.

POWER-SUPPLY REQUIREMENTS

As seen by the a-c power supply, the input impedance of 5- and
50-ma germanium-diode majority and inverter ecircuits ranges from
one to ten ohms. To obtain a practical distribution system for the a-c
component of the power supply, conversion of a current source into a
voltage source at the circuit level is desirable. These current sources
should be obtained, in part, with reactive components to prevent ex-
cessive power dissipation, providing these reactive components do not
store sufficient energy to distort normal d-c supply voltage levels.
When transmission lines are used to distribute a-c power, precautions
must be taken to prevent any undesirable switching of the balanced-
pair circuits because of improper terminations. In order to provide
ground-return paths for high-frequency logic signals, a ground point
should be available at the individual circuit level. Isolation of power-
supply ground currents from logic ground currents is necessary to
prevent power-supply interaction with logic signals.

Two methods of power distribution which meet the above considera-
tions have been experimentally used. These are: (1) the constant-k
filter method, and (2) the stub-matching method. A variation of
the stub-matching method is also discussed.

Constant-k Filter Method

This a-¢ power-distribution technique, which is useful for small
numbers of circuits, consists of inserting constant-k filter sections into
an a-c power bus (a terminated 50-ohm transmission line).* These

* This a-c power supply distribuiton technique was originally suggested
by E. L. Willette, formerly with RCA Laboratories, Princeton, New Jersey,
to solve the problem of distributing high-frequency square-waves composed
of their first, third. and fifth harmonics.



EVALUATION OF BALANCED-PAIR LOGIC 499

filter sections are constructed by narrcwing a short length of printed
50-ohm transmission line to form a high-impedance section. This high-
impedance section appears as a series inductance. A constant-k filter
is obtained by placing a capacitor between the middle of the high-
impedance section and ground. A small resistor, R, in series with this
shunting capacitor provides a low-voltage, low-impedance source for
the tunnel diodes. By proper design, connections can be made betieen
constant-k sections with arbitrary lengths of 50-ohm coaxial cable or
printed transmission line. Thus, multiphase power supplies are easily
obtained. This method of supplying a-c power has been used in experi-
ments with single balanced-pair circuits and also in two separate, high-
speed, scale-of-two counters. There are several disadvantages asso-
ciated with the constant-k a-c power-distribution system. First, a large
amount of power is wasted in the termination of the a-c power bus in
comparison with the power supplied to the circuits. Second, the voltage
along the a-c power bus decreases as more filter sections are inserted.

%— —~I= TUNING

Fig. 7—Stub matching method of distributing a-c power supply voltage.

Finally, it is difficult to achieve a high packing density of balanced-pair
circuits. The constant-k method of distributing a-c power is thus
restricted to applications involving small subsystems.

Stub-Matching Method

The stub-matching method of distributing a-c power avoids many
of the shortcomings of the constant-k method. Figure 7 shows how
capacitors again provide a constant current, which, in combination with
the shunt resistors R, give the necessary low-impedance, low-voltage
sources. A number of balanced-pair circuits can be supplied from a
single a-c supply line by supplying a-c power to a tie point, which, in
turn, is connected to a second tie point by means of a half-wavelength-
long transmission line (at the power-supply frequency). These two tie
points are the supply points for the two a-c power-supply voltages
opposite in phase. Transmission lines, normally one-eighth wavelength
long,* are connected from each tie point to the capacitors in series

* The choice of an eighth-wavelength assures maximum attenuation of
the fundamental and third harmonic of the interaction voltages discussed
in following paragraphs.
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with appropriate sides of balanced-pair circuits. In order that the
main a-c power source will see a matched load, a single or double-
stub tuner is added to the a-c transmission line on the power-supply
side of the tie points (hence the name stub-matching method).

Balanced-pair circuits tend to interact with each other via the
power-supply distribution system. When a circuit switches, a small
pulse is fed back into each a-c power supply line, and consequently a
change may occur in the values of power-supply voltages of other cir-
cuits. The effect of these pulses on other circuits is reduced by the
combination of the capacitors C at the balanced-pair circuits and
capacitors Cp placed from each tie point to common ground (see Fig-
ure 7). An analysis of this interaction is discussed in the following
section.

1. Interaction Between Balanced-Pair Circuits

The interaction problem can be conveniently studied by considering

a group of ten majority circuits being fed from a common source using
the previously described stub-matching method. Maximum undesirable
effects on any one circuit occur when all of the other nine circuits are
switching in identical directions, e.g., all negative output pulses. Effects
of continuous switching in one direction of the nine majority circuits
on nominal values of power supply voltages on the tenth circuit are
easily determined by employing the following model of majority cir-
cuits.

A tunnel diode switching to its high-voltage region is replaced
by a linear resistance, r, and a nonlinear current source, I, = f1(V,),
in parallel with »%° where V, is the voltage across r. This cur-
rent source I,, in parallel with r, can be replaced by a nonlinear
voltage source E, = f,(V,) in series with . A tunnel diode which
remains in its low-voltage region is replaced by only r. All reactances
are neglected.

As seen from one power-supply feed line, a majority circuit is re-
placed by a Thévenin voltage source and resistance. This Thévenin
voltage source is expressed in terms of E,. There are two possible
values for this Thévenin voltage depending upon which tunnel diode
switches to its high-voltage region. This Thévenin voltage is easily

8 J. B. Geller and P. A. Mantek, “Tunnel-Diode Large-Signal Simula-
tion Study,” Proc. .LR.E., Vol. 49, p. 803, April, 1961.

9 J. J. Gibson, “An Analysis of the Effects of Reactances on the Per-
formance of the Tunnel-Diode Balanced-Pair Logic Circuit,” RCA Review,
Vol. XXIII, p. 457, Dec. 1962.
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related to the observable output voltage, V,=f(E,), across terminals
AB. Then, by a suitable transformation of the form V,=g(¢), this
Thévenin voltage becomes a known function of time.

The resulting linear transmission line problem of nine Thévenin
equivalent circuits feeding interaction voltages through one tie point
to a tenth circuit which is represented by only its Thévenin equivalent
resistance was solved. For typical 150-mc, 50-ma, germanium-diode
majority circuits, the peak value of the interaction voltage appearing
across the Thévenin resistance of the tenth circuit amounted to no
more than 0.5 per cent of the nominal peak a-c power-supply voltage.
One-eighth wavelength long power supply feed lines from tie points
to circuits were assumed, since this length resulted in the greatest
attenuation of the interaction voltages. (C and C, were 10 and 200
picofarads, respectively.)

The impedance transformation caused by the one-eighth wavelength
transmission lines, together with the necessity of providing a current
source at circuit levels, requires than an a-c power-supply voltage much
larger than that appearing at a majority circuit itself be impressed on
the tie points. For example, when 200 millivolts is required for 50-ma
germanijum-diode majority circuits, the a-c voltage at the tie points is
approximately four volts.

2. A Variation of the Stub-Matching Method

A variation of the above a-c power-distribution system which has
been experimentally used is described at follows. The capacitors at
the circuit ends of the a-c power supply feed lines are removed and
low-wattage terminating resistors are added in series with each line
at the tie-point ends. The feed lines are increased to a quarter-wave-
length to minimize the dissipation in the terminating resistors. The
impedance at the tie points is held to a low value by means of large
capacitors to ground, C;. Pulses entering this power-distribution net-
work from balanced-pair circuits are absorbed at the tie point ends
by the terminating resistors. As a result, the power-supply inter-
action problem is essentially eliminated.

SUBSYSTEMS

The subsystems to be described are two scale-of-two counters and
two three-bit end-around shift registers. These subsystems were con-
structed to gain experience with balanced-pair logic subsystems as
well as to determine the feasibility of the power-distribution tech-
niques in the 150- and 450-mc range. 50-ma tunnel diodes were chosen
for these subsystems since they were the best diodes available at
the time.
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Scale-of-Two Counters

Two high-speed binary counters were constructed and operated at
150- and 450-mc repetition rates. These counters used the constant-k
power-distribution method. The logic diagram of the counters is shown
in Figure 8a. Bistable storage for both counters is provided by three
balanced-pair circuits connected in the form of a ring. This ring is
capable of storing a “1” or “0” as a circulating positive or negative
pulse. Two of the three circuits of the ring perform AND and OR logic

INPUT

8 OUTPUT(TERM. B")

6nSEC./Cm

[P E—

(b}

Fig. 8—Binary counter: (a) logic diagram; (b) input and

output waveforms.
for setting and resetting the storage ring. These two circuits plus the
addition of a NAND gate cause the state stored in the ring to change
with the application of a positive pulse at the input. Input and output
waveforms of the 150-mec counter are shown in Figure 8b. Similar
waveforms were obtained from the second counter which was operated
at 450 mec.

Three-Bit Shift Register

Thirteen majority circuits using 50-ma germanium tunnel-diodes
and one inverter circuit using 50-ma gallium arsenide diodes were used
to construct a three-bit shift register. This shift register employed
the stub-matching method of a-c power distribution. Three-phase rings
of the type used in the counters were the storage elements in this shift
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register as shown in the logic diagram in Figure 9a. Initially, the three
storage rings were set with appropriate information by overriding
existing information within the rings with a d-c¢ bias of proper polarity.
This bias was applied through push buttons connected to the delay
gates in the rings. The inverter circuit was used to reset all storage
rings to “0”. The maximum fan-in plus fan-out of any circuit in the
shift register was four. A photograph of this shift register is shown in
Figure 10.

AND GATE —@

OR GATE — (@) H
DELAY — (D
INVERTER — (D)

Fig. 9(a)—Logical diagram of three-bit shift registers. The gates are
arranged in columns according to their power-supply phase; gate numbers
are located beneath the gates.

Forty-ohm carbon resistors were used to make interconnections
between balanced-pair circuits. These resistors were connected on
a point-to-point, minimum-length basis and located inside the copper
cylinder around which the circuit boards were grouped. This cylindrical
construction gave two separate ground paths, one for logic current
and one for power supply current. Three-phase 150-mc sine-wave volt-
ages were brought directly to the four circuit boards by subminiature
coaxial cable. Trimmer capacitors were used to control the a-c voltage
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OUTPUT OF GATE NO.4

OUTPUT OF GATE NO.7

te—

5 nsec/div.

OUTPUT OF GATE NO.4

OUTPUT OF GATE NO.7

(-——
5 nsec/div.

Fig. 9(b)—Waveforms of shift registers of Figure 9(a) operating at
150 me.

balance on each gate. The adjustment, once made, was never repeated.
The large “mushrooms” on each circuit board formed the large capac-
itors, C,, between the tie points and ground. D-C bias current was
supplied to the circuits from a separate bus via r-f chokes.

Fig. 10—A 150-me, three bit, end-around shift register.
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Waveforms obtained in shifting a “1” between two of the storage
rings are shown in Figure 9b.

Evaluation of Subsystems

In general, performance of these subsystems indicates the impor-
tance of the problems of packaging, subsystem fabrication technique,
and system tolerances in influencing the operation of balanced-pair cir-
cuits. For example, the counter waveforms in Figure 8b and the shift-
register waveforms in Figure 9b greatly differ from the waveforms of
individual balanced-pair circuits operating at 150 mec illustrated in
Figure 5. In particular, the counter and shift-register waveforms
indicate, by the small changes in the base line, the significance
of the feedthrough of undesirable signals (often referred to as noise)
in balanced-pair logic systems. Feedthrough is but one part of the
system tolerance problem and is treated in detail in Part II of this
paper.

The necessity of careful package and subsystem fabrication proce-
dures was also emphasized by the performance of these three sub-
systems. For example, one experiment with the shift register indicated
that particular care must be taken to eliminate stray reactances asso-
ciated with circuit loads. The shift-register circuits exhibited an alter-
nate “1”-“0” output when operating with a 25-ohm load having a series
inductance of 20 nanohenries (20 X 10~9 henry) or approximately
one inch of number 22 wire. This output pattern, which occurred in
the absence of other inputs, was due to energy stored in this inductance,
i.e., if the previous output of the circuit is a positive pulse, a current
will persist in the inductor creating negative logic input current for
the next cycle and, thus, the “1”7-“0” output pattern. For reliable
operation, this effect must be overcome by desired input currents.

The necessity for careful packaging and subsystem fabrication pro-
cedure led to the development of better packaging and fabrication
techniques for balanced-pair circuits. To obtain practical experience
with these improved techniques, a second three-bit shift register
was constructed.

PACKAGING REQUIREMENTS

Ag# shown in Part II, lengths of logic interconnections between cir-
cuits must be exceedingly short. As a consequence, the shape of
balanced-pair packages and their geometrical arrangement must be
such that the circuits which comprise a given subsystem can be inter-
connected within the range of the longest permissible logic interconnec-
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tion lead length, according to the logic diagram. In many cases, these
considerations naturally lead to spherical or cylindrical subsystem con-
figurations. For example, an end-around shift register lends itself to
cylindrical configurations while some portions of control logic lend
themselves to spherical configurations. However, due to difficulties
caused by the cylindrical nature of the first shift register, a planar
configuration was chosen for all subsequent subsystems.

In the planar system, package areas are minimized in the logic
plane. Further, under the principles set forth below, two planar arrays
can be assembled so as to achieve many of the advantages of cylin-
drical and spherical configurations. Additionally, planar arrays allow
power-supply distribution systems to be complicated since the third
dimension can be arbitrarily large (subject to some practical restric-
tions, of course). Ground-current paths for logic currents and power
supply currents are also separated. The principles set forth in fabri-
cating balanced-pair subsystems are:

1. All logical interconnections are made in the X-Y or logic plane.

2. All power supply distribution is made in the Z, or third, dimen-
sion.

Compact balanced-pair packages were developed which measured
4 X Y4 X Y% inch (62.5 X 10—3 square inch in the logic plane). Fig-
ures 11 and 12 show photographs of this package in various stages of
construction. Two tunnel-diodes are first welded to an input-output tab
as shown in the highly magnified photograph at the top in Figure 11.
Two carbon disk-shaped resistors, a ground tab, and two power-supply
tabs are then soldered to this unit as shown at the bottom in Figure 11.
This unit is made as small as possible to reduce the inductance which
tends to limit the upper operating frequency of these balanced-pair
cireuits. 19 The entire assembly is placed in an electroformed copper
shield can as shown in Figure 12. There still remains sufficient space
in this package to include the logic resistors for terminating inter-
connecting transmission lines. Alternatively, these logic resistors
can be included in the interconnecting transmission lines.

This package is designed to be adaptable to either coaxial cable or
printed-circuit power-supply feed systems. A printed-circuit feed
system allows individual packages to be plugged into it. Cable connec-
tions allow individual balanced-pair circuits in the logic plane to be
connected to any one of three phases of the a-c power supply as
required by the logic diagram.

10 G. B. Herzog, “Tunnel-Diode Balanced-Pair Switching Analysis,”
RCA Review, Vol. XXIII, p. 187, June 1962.
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Fig. 11—The tunnel-diode assembly.

Fig. 12—Steps in the assembly of the balanced-pair package.
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D-C bias to the center of the tunnel-diode pair is distributed in the
same plane as in the a-c power-distribution system. Sufficient space
is left in the shield can to include a resistor and by-pass capacitor
for d-c bias purposes.

Fifteen packages of this type were built using 50-ma germanium
tunnel diodes. Uniform operating characteristics of these packages
were obtained at 150 mec. These packages were incorporated in the
second three-bit shift register which was constructed according to
the principles set forth above. Miniature coaxial cables were used
for logical interconnections and were terminated in their characteristic
impedence at each end. In general, the construction and packaging
techniques were found to be satisfactory.

To achieve repetition rates approaching 1 kme in subsystems using
balanced-pair circuits, micro-fabrication techniques must be employed.
Towards this end, a proposed geometrical arrangement for majority
circuits which should operate near 1 kmec is illustrated in Figure 13.
This package consists of two ceramic cylinders placed end-to-end and
separated with a ceramic seal and the logic tab, as shown in Figure 13.
This seal permits individual etching of the two tunnel-diodes. The
diodes themselves have a cylindrical junction to minimize internal
inductance.!'! Both n-on-p and p-on-n types of tunnel diodes are used.
Small cylindrical “slugs” of germanium are positioned on top of the
tunnel-diodes to form the R,/’s. A-C power is brought into this pack-
age via coaxial or printed-circuit transmission lines which are con-
nected directly to the top and bottom of the cylindrical package as
indicated in Figure 13. These cylinders are metalized with several mils
of silver except in close proximity to the logic-tab and power-supply
connections. This forms a cylindrical conductor which minimizes in-
ductance in the transmission path between the tunnel diodes. The
exterior metalized surface completes the coaxial structure in which the
majority circuit resides.

CONCLUSIONS

Two balanced-pair building blocks have been described. Together
these building blocks provide a functionally complete set that amplifies
and standardizes logic signals. An individual balanced-pair circuit was
operated in excess of a l-kmec repetition rate. However, only the 5-
and 50-ma circuits, which were operated at a 150-mc repetition rate,
have sufficient gross fan power or logic gain to indicate a potential
usefulness in high-speed computers.

111, E. Nelson, private communications.
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Fig. 13—Proposed majority circuit package.

The major problems of distribution of high-frequency a-c¢ supply
voltages and packaging and subsystem fabrication techniques were
successfully solved. However, two other major problems — feedthrough
of undesirable signals in balanced-pair logic systems and circuit toler-
ances — remain to be discussed in Part II.
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PART II1 —SYSTEM TOLERANCES
INTRODUCTION

in Part I, two balanced-pair building blocks were described. To-
gether, these building blocks provide a functionally complete set which
amplifies and standardizes logic signals. An individual balanced-pair
circuit was operated at a repetition rate greater than 1 kme. It was
noted, however, that only the 5- and 50-ma majority circuits operating
at a 150-mc repetition rate have sufficient gross fan power or logic
gain to be useful in high-speed computers. Solutions to the major prob-
lems of distribution of high-frequency a-c supply voltages and pack-
aging and subsystem fabrication techniques were also discussed.

Part II of this paper discusses the two other major problems —
feedthrough of undesirable signals in balanced-pair majority circuit
systems and circuit tolerances. The discussions of these problems are
based upon a linearized majority circuit transfer characteristic which
depicts the relationship between the output voltage and the power-
supply voltage of a majority circuit. This transfer characteristic is first
derived and then used to select the optimum ratio between the a-c and
d-c components of the power supply. The limits on the lengths of trans-
mission lines used to interconnect balanced-pair circuits are then
determined. Finally, these fundamentals are used in an analysis of
a generalized balanced-pair majority circuit network.

LINEARIZATION OF TUNNEL-DIODE V-I CHARACTERISTIC

All discussions in this part of the paper are based on a linearized
tunnel-diode volt—ampere characteristic. This linearization of the
tunnel-diode characteristic facilitates the derivation of simple closed-
form expressions approximating the low-frequency (repetition rate)
behavior of balanced-pair circuits. The particular linearization chosen
for the tunnel-diode V-I characteristic is illustrated in Figure 14. In
this figure, the point (K, I,,) is chosen to coincide with the peak of the
actual tunnel-diode characteristic (dotted line). FE is that voltage
which corresponds to the tunnel-diode conducting a current of I, when
it is in its high-voltage region. The point (K, I) is chosen to cor-
respond to the intersection of an extension of the linear region of the
high-voltage portion of the tunnel-diode characteristic with an exten-
sion of the relatively flat portion of the valley region. E;” denotes
the actual valley voltage of the tunnel diode.

When a balanced-pair circuit is operated in mode (b) at a low repe-
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tition rate, pronounced oscillations occur immediately prior to switch-
ing when the voltage across one of the tunnel diodes is less than Ey’ but
greater than E'y. To avoid this problem, the point (Ey, Iy) rather than
the tangential point (E,’, Iy) was chosen as the break point in the
linearized tunnel-diode characteristic. Point (Ey, Iy) corresponds to a
point on the actual tunnel-diode characteristic where the negative
resistance is small enough to permit fast switching without any
oscillation.

Fig. 14—Piecewise-linear approximation of tunnel-diode characteristic.

TRANSFER CHARACTERISTIC

The linearized balanced-pair transfer characteristic, which depicts
the relationship between the magnitude of the output voltage, [ V,l,
and the power supply voltage, 2e¢, of a majority circuit, is obtained
by using the piecewise linear tunnel-diode V—I characteristic dis-
cussed above in a manner similar to that illustrated in Figures 2 and
3. For this linearized case, the procedure for construction of the trans-
fer characteristic for mode-(a) operation is shown in Figure 15.
In this figure, the linearized characteristic of tunnel diode TD, in
series with the internal resistance, R, of the power supply —e, is
shown by the heavy lines, D.. The parallel combination of the load
resistance, R;, and the remaining tunnel diode TD, in series with the
internal resistance, R, of the power supply +e, form the load line for
the heavy characteristic and is represented by the light lines, D,".
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In Figure 15a, |e,| has been increased to the point where the
existing operating point (circle), at which both tunnel diodes are in
their low-voltage regions, is about to jump to the next stable operating
point (solid dot), where TD, is in its valley-voltage region and TD, is
in its low-voltage region. Prior to the condition shown in Figure 15a,
the output voltage, V,, is zero as shown by the transfer characteristic.
The construction of the transfer characteristic for continued increases
in | e, | is illustrated in Figures 15b, ¢, and d. The complete mode-(a)
transfer characteristic is shown in Figure 16a. Equations for the
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Fig. 15—Construction of balanced-pair transfer characteristic.

various break points in the transfer characteristic in terms of the
tunnel-diode and circuit parameters are given in Appendix A.

There are several important concepts which can be easily shown in
terms of the transfer characteristic and will be emphasized. These
concepts are concerned with the states of the circuit and the shape
of the transfer characteristic and output waveform.

1. States

The transfer characteristics for mode-(a) operation (Figure 16a)
and mode-(b) operation (Figure 16b) indicate the seven stable circuit
states (e.g., both tunnel-diodes in their low-voltage regions; one tunnel
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diode in its valley-voltage region and one tunnel diode in its low-voltage
region, ete.) in which a balanced-pair circuit can exist. The two circuit
states in which one tunnel diode is in its valley-voltage region and the
other is in its high-voltage region do not exist. Of the seven discern-
ible circuit states shown by the two transfer characteristics, only three
distinguishable owtput states exist at terminals AB. Two of these
three output states are customarily assigned the logical values “0”
and “1” as discussed in Part 1. These states occur during the on-half

IVl FLAT-TOP
REGION
Vos-
Vo3
(a)
Voz[
Voi
2eqg
1Vl
FLAT-TOP
REGION
Vos|-
Vo3[’
(b) \
Vool
Vou~
2eq

Fig. 16—Balanced-pair transfer characteristic: (a) in mode-(a) operation,
and (b) in mode-(b) operation.

of the balanced-pair circuit power supply cycle. The third outpnt state
(often called a null or dead state) is defined as that state reserved for
the off-half of the power-supply cycle, during which the output voltage
is zero.

2. Flat-Top

The transfer characteristic has essentially a flat-top bounded by
V.3 and V,;. Consequently, the waveshape of the output voltage will
have essentially a flat-top during the time when |e¢,| is between V,5/2
and V,;/2. This occurs during part of the on-half of the power-supply
cyele. It should be pointed out that the flat-top is absolutely flat if the
low-voltage and high-voltage regions of the tunnel diodes have the
same slope,
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The principal parameter which governs the width of the flat-top
region of the transfer characteristic for a given tunnel-diode charac-
teristic is R,. The effect of increasing R, on the curves used in con-
structing the transfer characteristic is shown in Figure 17. As R,
increases, the curves take on an increasing tilt. As a result, the next
stable operating point (solid dot) moves from the circuit state in
which TD, is in its valley-voltage region and TD, is in its low-voltage
region to the circuit state in which TD, is in its high-voltage region,
and TD. remains in its low-voltage region. When TD, is in its valley-

(a) D,
Rg= Ry,
v
, i
D|
(b) D,
Rg = Rg2 >Ry,
__ [ o
-eq Vor
D, i
(c) Dz Rg= Rgy>Rg,> Rg,
X
1
“eq -V v
9 Vo2

Fig. 17—Effect of increasing R, on the characteristic curves of a
balanced-pair circuit.

voltage region, the output voltage is denoted as Vyp; when TD, is in
its high-voltage region, the output voltage is denoted as V"

For a small R,, as illustrated in Figure 17a, the output voltage
will be V4 for mode-(b) operation. If R, is increased sufficiently, the
output voltage will correspond to the circuit state in which one tunnel
diode is in its valley-voltage region and the other is in its low-voltage
region. In this case, the output voltage is denoted by V.

DESIGN CONSIDERATIONS

It was just pointed out that a flat-top region, the size of which is
essentially controlled by R, exists in the transfer characteristic of a
balanced-pair circuit. It is desirable to spend as much time as possible
during the on-half of the power supply eycle in the flat-top region for
several reasons. First, the amplitude of the output waveform will be
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insensitive to tolerances in ¢, during a large part of the on-half of the
power supply cycle. The second reason concerns the length of logical
interconnections between balanced-pair circuits.

Balanced-pair circuits are interconnected via lengths of transmis-
sion line (e.g., coaxial cable or printed-circuit transmission lines).
These transmission lines, which have a characteristic impedance of Z,,
are terminated at both ends in their characteristic impedance. The
value of Z, is equal to one-half the value of the coupling resistor R,.
To obtain the greatest degree of freedom in the physical placement of
balanced-pair circuits, the maximum permissible length of intercon-
necting transmission lines should be as long as possible.

The maximum and minimum lengths of the interconnecting trans-
mission lines are determined from the shape of the output waveform.
The necessary and suflicient information for determining the restric-
tions on lengths of interconnecting transmission lines is the following:
the angle of the power-supply voltage, e,, at which locking occurs (when
2¢,=7V,, in mode-(a) operation) ; the angle at which the circuit un-
locks or returns to the null state (when 2e¢,= 7V, in mode-(a) opera-
tion) ; and the width of the flat-top region of the output waveform.
Assuming mode-(a) vperation, the above three characteristics of the
output waveform are determined in terms of the ratio of the d-¢ com-
ponent to the a-c component of the power-supply voltage. These three
characteristics are then combined into a set of equations which yield
the maximum and minimum lengths of the interconnecting transmis-
sion lines.

Power-Supply Voltage Selection

Power-supply voltages are selected so as to obtain a maximum width
of the flat-top region of the output waveform. As seen from the transfer
characteristics, Figure 16a, maximum and minimum bounds can im-
mediately be placed on the power-supply voltages:

le < (269) max < Vz'i ’
and
(2eg) min < Vzl 4
where
e,= FEc + E ¢ sin ot,

and E, is the peak value of the a-c component. In terms of the indi-
vidual components of e, the bounds become

Va:l V.z'5
<EDC+EAC< 2 ’

2

4
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and
V:ul

L‘D(‘; - EAC <

These bounds are the only restrictions that must be imposed on the
power-supply components. However, the output pulse of a balanced-
pair circuit has a flat-top only during the time that 2e, is greater
than V,,. To maximize the width of the flat top in the output pulse,
additional restrictions are placed upon E s and Epe.

A necessary condition to insure the maximum width of the flat-top
given either Epg or E ¢ is

2(Eye + E o) =V 1)

Another necessary condition that must be satisfied in order to return
the circuit to the null state is

2(Epe—Erg) <V (2)

Together, conditions (1) and (2) are sufficient to insure a maximum
width to the flat-top of the output waveform and proper circuit opera-
tion, given an arbitrary E ; or Ej.

Interconnecting Transmission Line Lead Length

Qince it is convenient to use the ratio of E,/E ¢ (defined as z) as
the independent variable in determining restrictions on interconnecting
leads, conditions (1) and (2) are solved to yield

Va:ﬁ
EAC —_— (33.)
2(x+1)
and
Va:ﬁ + Va:l
T << — o (3b)
Va‘:') - Vz‘l

E ,c as given above will be used in the equations for lengths of inter-
connecting leads. These equations are developed as follows.

The length of interconnecting leads is chosen such that when the
power supply, 2e,, is between V4 and V.., the gates powered by the
subsequent phase of the power supply will lock. This choice gives a
minimum variation in output voltage during the time these gates are
locking. Letting t; be the time when

V,3 =2E o (x + sin olz);
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V.Z'.‘!
(9] t:,zsin—l — .
2E ¢

The width of the flat-top of the output pulse expressed in degrees of
the power-supply cycle is

180
¢=2<90°——wt3>, (4)

ks

then

Note that the flat-top is centered about the 90° point in the operating
cycle (i.e., when e, = E ¢ + Ey¢). This point is also used as the
reference for all other angles.

Locking of a majority circuit occurs when

Vo=2E,c (z +siny);

Vw2
¢ =sin—1 —zx), (5)
(s5a)

then

where ¢ is the locking angle in degrees. Unlocking occurs when

Vi =2E ¢ (x—sin B);

V.
B:sin—1<x— 1>, (6)

then

where 8 is the unlocking angle in degrees.

It can be seen from Figure 18 that the maximum interconnection
lead length, L, in degrees for a three-phase power supply system is
given by

L = (Lly L2)min
where

L= (y + 240°) — B, 180° —y =0
(7a)
L, = (y —120°) — B, 180° —y¢y <0
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L, = (y + 120°) —<90° —%>, 180° —y =0
(7o)

Ly= (¢ —240°) —<90°—%>, 180° —y < 0

where 0° < ¢ = 360°. Conditions (7a) will apply over (7b) if

i b
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| fo)
v il ogge 1@ B 1
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Fig. 18—Illustration of output waveform showing how limits on lengths of
interconnecting transmission lines are determined. The centers of the flat-
top regions of the output waveforms are the reference points.

¢
B +—=210°.
2

Also, from Figure 18, the minimum interconnection lead length in
degrees, I, is

= (y +120°) —<90°+%>, 180° —y =0

é
1= (¢ —240°) —<90°+—>, 180° —y < 0
2
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where 0° <y =2360° and where [=(°.
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It is possible, for certain

choices of peak current and ratio of E, to E 4o that the minimum
lead length for the interconnecting transmission lines will be longer
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than the distance between two circuits to be interconnected. This may
cause difficulty in the physical layout of a subsystem.

The restrictions on interconnecting lead lengths (L is the maximum
and ! is the minimum) are plotted for typical 5-ma and 50-ma ger-
manium-diode majority circuits as functions of z in Figure 19. Two
important points in relation to these curves are:
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(1) Increasing Epc/E s¢ increases the width of the output wave-
form and also the width of the flat-top region of the output
waveform.

(2) Choice of Epc/E ¢ such that the width of the flat-top region
of the output waveform is a minimum maximizes permissible
lengths of interconnections but, unfortunately, minimizes the
variation in these lengths.

It is important to note that (2) does not contradict the original assump-
tion that the relationship between E ¢ and Epc i3 adjusted to yield a
maximum width to a flat-top region given an arbitrary E,; or Ep.

SYSTEM TOLERANCE ANALYSIS

The balanced-pair transfer characteristic previously described can
be used as the foundation for determining the worst-case output wave-
form of a balanced-pair circuit. Similarly, the procedure outlined
above for determining restrictions on interconnecting transmission
lines can be followed to obtain the corresponding worst-case restrictions
on these lines. Provided amplitude variations in the output waveform
are within some easily determined limits, this information, at first
glance, appears complete enough to design a workable balanced-pair
logic network. But, system moise is a very important problem inherent
in tunnel-diode networks, in general, and must be considered in the
design of a workable balanced-pair logic network. System noise (in
part, feed through of unwanted signals) arises because tunnel-diodes
are two-terminal active devices and consequently have no isolation
between input and output terminals. In addition to the general problem
of system noise, the design of a workable balanced-pair logic network
must include consideration of imbalances in the two power supplies of
the circuits. These imbalances have a major effect on the locking
process of balanced-pair circuits.

In this section, a worst-case tolerance analysis of a majority circuit
within a generalized balanced-pair logic network composed only of
majority circuits is described by the development of a complete toler-
ance criterion. Due to the similarity between the two types of balanced-
pair circuits, conclusions reached for the general majority-circuit logic
network considered are equally valid for logic networks containing
inverter circuits. This tolerance analysis does not determine an upper
limit on the operating frequency of balanced-pair networks, but it does
determine tolerance requirements that circuit parameters must meet

to design a workable system at any frequency. Before actual develop-
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ment of the tolerance criterion, the two major problems inherent in
balanced-pair circuits mentioned above are discussed.

System Noise

Currents present at the input terminals of a majority circuit other
than the desired logic current are termed system noise. There are two
components of system noise: (1) feedthrough current, which is defined
as the aggregate of currents from all circuits other than the one chosen
for study except those circuits providing desired logic-input currents;
(2) imbalance current, which is defined as the aggregate of currents
caused by imbalances in the circuit chosen for study.

1. Feedthrough Current
The sources of feedthrough current, I, are
(1)  Active circuits or “on” circuits in other portions of the logic
network that are producing useful logical information that is
not being sent directly to the circuit chosen for study.

(2) Circuits in their null state that are not completely “dead” due
to tolerances in circuit parameters or other factors.

Currents from the more-remote circuits are attenuated at nearby
circuits by the voltage-divider action of the coupling resistors, R,, and
the internal impedance of the majority circuit, B,. For this reason,
it is important to have the ratio R,/R, as large as is practical.

The nature of feedthrough current is analyzed by studying a general
network of linear equivalent circuits of majority circuits. This net-
work is chosen to represent a logic network of majority circuits at the
locking instant of the circuit chosen for study. An important property
of this network is that none of the N outputs (N = fan-out) and M
inputs (M = fan-in) of the majority circuits are left unconnected. It
is primarily because of this property that the selection of the circuit
for study is arbitrary. This linear network will extend to infinity in
all directions. However, the feedthrough current behaves asymptoti-
cally such that, for the cases analyzed, only circuits up to four levels
removed from the circuit chosen for study need be accounted for. The
rules for setting up this general network are

(1) Active circuits are replaced by an equivalent circuit of a
battery of V volts with an internal resistance R,,.

(2) Circuits in their null state are replaced by an equivalent
circuit of a battery of E; volts with an internal resistance R,.
(Subscript 7 denotes the phase of the power supply for the
particular circuit.)
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(3) All of the N outputs and M inputs of the circuits within the
network are connected to other appropriate circuits within
the network.

The voltage V is the maximum open-circuit voltage of an active circuit.
The value of V may be determined by letting R, approach infinity in
Equations (17) and (22) of Appendix A. The voltages E, represent
the open-circuit imbalance voltage across the input-output terminals
AB of circuits within the network that are in the null state. The value
of E, is the magnitude of the maximum imbalance voltage during the
locking interval of the circuit chosen for study. The procedure for
determining E; is contained in Appendix B. This imbalance voltage
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Fig. 20—Feedthrough current as a function of R¢/Ro.

results from power-supply, tunnel-diode, and circuit-parameter im-
balances including those steady-state effects caused by reactive im-
balances.

The feedthrough current is obtained by looking back into the linear
equivalent network from the input—output terminals of the circuit
chosen for study and computing the Norton equivalent circuit. To a
close approximation, the resistance in parallel with this Norton current
source I, is equal to the coupling resistance divided by the number of
inputs plus outputs of the circuits, or R;. Thus, R; is used as the
value of the shunt resistance in all subsequent calculations.

1, versus R./R, for several combinations of E{s is given in Figure
7. In this figure, I, is expressed as a percentage of the current V/R,.
The data contained in Figure 20 as applied to the 5-ma and 50-ma
circuits discussed in Part I of this paper for two-input, two-output
majority circuits are also tabulated in Table IT. The appropriate values
of E, and Ej; to choose for the selection of an I, for use in the tolerance
analysis are discussed in Appendix B.
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The effect of feedthrough current can be readily appreciated when
expressed as a percentage of the Norton equivalent of the logic cur-
rent. The value of the Norton logic current is given by

Vos
Iy= ’
c

where Vs is given by Equation (22) in Appendix A. Using the values
given in Table III, I,y and V/R, are obtained for both the 50-ma and
5-ma circuits. This information is then used in conjunction with the
information tabulated in Figure 20 to yield Table IV.

Table 11

Feedthrough Current (I:)
(% of V/R)

E, E, 50-ma Diodes 5-ma Diodes
(% of V) (% of V} (R./Ro = 14.4) (Re/Ro = 38.4)
12% 8% 2.5% 0.70%
6% 4% 1.9% 0.40%
3% 2% 1.7% 0.309%

2. Imbalance Currents
Undesirable effects on a circuit which originate in the surrounding
network were transformed into an equivalent Norton input current
as described above. Undesirable effects originating within the circuit
chosen for study will now be considered.
These imbalance effects are accounted for by a Norton equivalent
current source, I, given by
E
IUB =S —" ’
L

where j indicates the phase of the circuit chosen for study. E; is deter-
mined in Appendix B. Typical values of Iy, are 0.614 ma for 50-ma
circuits and 0.30 ma for 5-ma circuits.

Relative Power-Supply Imbalances

The major effects of relative power-supply imbalance are accounted
for in the calculations for I, and Iy, (see Appendix B). Two other
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Table 111

50-ma Circuits

5-ma Circuits

Ir 47 ma 5.3 ma

Iv 7T ma 0.6 ma

Ee 120 mv 45 mv

Ev 240 mv 200 mv

Ev 360 mv 300 mv

Ex 480 mv 400 mv

Ex 560 mv 440 mv

R 3 ohms 4 ohms

R. 10 ohms 60 ohms

Ro 40 ohms 240 ohms

L 600 picohenries 600 picohenries
C 10 picofarads 4 picofarads

effects of relative power-supply imbalance are (1) an increase in the
tolerance band of the amplitude of the output waveform; and (2) a
decrease in the nominal values of E s and Ep.. However, these effects
are secondary in relation to the major effect accounted for in system

noise.

Tolerance Criterion

A tolerance criterion, in the form of a statement of a single require-
ment on the peak current imbalance of the tunnel diodes, TD; and TD,,

Table IV

Feedthrough Current Expressed as a
Percentage of Norton Equivalent of Logic Current

50-ma Circuits

5-ma Circuits

E. E, | n=44ma V/R,="179.2ma

12% 8% 1.90 ma 43.2% Iy
6% 4% 1.51 ma 34.4% I.x
3% 2% 1.35 ma 30.7% Iix

‘ILN —0.70ma V/R,=31.Tma
4 0.222 ma 314% ILN
| 0.127 ma 18.2% Iix
{
0.095 ma 13.6% I.x
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will be developed for any majority ecirecuit within the generalized
balanced-pair logic network. Proper operation of the generalized logic
network is contingent upon the fulfillment of this criterion.

In addition to desirable logic currents and variations thereof, system
noise current as discussed above also exists at the input of a majority
circuit. Therefore, each circuit in the generalized network must be
designed so that the noise currents will not interfere with the correct
response of the circuit to its logic inputs. To better express the cri-
terion, assume that the eircuit arbitrarily chosen for study is a two-
input, two-output logical gate whose characteristics are defined by

Table V
Input Output
A B 0
-+ -+ -+
+ — —
_ + —

Table V. To insure proper operation when tolerances are applied to
circuit components, the following two conditions must be satisfied:

1. When both inputs are in the same direction, the minimum sum
of the logic currents must be sufficient to overcome the maximum
noise current in the opposite direction, and cause the circuit
to respond properly.

2. When the inputs are in opposite directions, their maximum dif-
ference plus the maximum noise currents must be insufficient
to cause the circuit to respond improperly.

To express these conditions in a more-quantitative fashion, certain
currents will be defined.

1. Diode Currents

The nominal peak current of the tunnel diodes is I,. To perform
a logical function, peak currents of the two tunnel diodes within a
majority circuit are chosen to be unbalanced an amount defined to be
Alp. Accuracy to which Al is specified is defined as 8I,. (In a large
network, it is preferable to perform a logical function by initially
choosing peak currents of tunnel diodes unequal rather than by using
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a bias current applied to terminal A; this is because any bias current
at terminal A will contribute to noise current at other circuits.)

2. Logic Currents

The total logic current into the majority circuit chosen for study
is obtained from a Norton equivalent of the input network. The mag-
nitude of the current source in this equivalent circuit is defined as I
(see Figure 1). The shunt resistance is E;. For a two-input logical
gate, Iy =2Iy.

The tolerance on this Norton equivalent current is defined as Alg,
which can easily be derived as a percentage of Is. It will, however, be
converted to a current for use in the criterion. Alg is comprised of
three components, g;, g2, and y.

The quantity g; is defined as the largest per cent amplitude toler-
ance in the output waveform of a majority circuit caused by diode,
resistor, and power-supply tolerances over the region of interest. The
region of interest in the output waveform is that region present at
the inputs of the circuit chosen for study during its locking interval.
(Because of circuit tolerances, the locking time is an interval rather
than an instant.) The quantity g, is defined as the per cent amplitude
tolerance on the output waveform over this same region of interest
caused by the logic current itself. Finally, the quantity y is defined
as the per cent tolerance on coupling resistors. An approximate value
of AlIg expressed as a current rather than as a percentage of Ig is
given by

1
Alg=——(g1+ g2+ 7v) Is. (8)
100

It is assumed in calculations for g; that the two diodes, TD,; and
TD,, for each majority circuit of the network are selected at random
from a distribution of tunnel diodes whose linearized characteristics
£all within the tolerance range of the piecewise-linear approximation to
the tunnel-diode V—I characteristic as shown in Figure 21. Further, it
is assumed that the e,’s are identical; i.e., only equal-amplitude varia-
tions, within tolerance limits, are allowed in the a-c and d-c components.
The equal-amplitude variations in the a-c component arise from two
sources. 'I'he first source is the variation in the power sources and the
associated distribution system to the circuits. The second source is
the variation in the voltages reaching the circuits caused by parameter
variations in majority circuits which terminate the transmission lines.

gs is the result of the following. Since a net logic current entering
or leaving a majority circuit must flow through the parallel combination
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Fig. 21—Tunnel-diode, circuit, and power-supply tolerances used
in the calculations.

of the load resistance and the internal impedance of the circuit, a
voltage across the input-output terminals is produced. This voltage
is in addition to any voltage produced by the switching of TD, or TD,.
As a result of this voltage, the magnitude of the output voltage of the
circuits supplying logic current to the ecircuit chosen for study is
increased by g, as long as the net input current to these driving circuits
persists. g, is conveniently expressed as a function of R,/R,. Figure
22 is a graph of g, versus R,/R, for M =2 and M =3 and values of

22’-

20

g,{PERCENT)
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Fig. 22—g; as a function of R./R..
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N from 1 to 3 (M is fan-in, N is fan-out). For two-input, two-output
circuits of the type discussed in Part I, Figure 22 indicates that g,
is 10 per cent for 50-ma circuits and 4 per cent for 5-ma circuits.

3. The Criterion

The currents Iy, I, and Iy, are all Norton equivalent current
sources, and as such are shunted by the load resistance in addition to
the internal impedance, R, of the circuit being studied. Therefore,
they must be appropriately reduced by the current division factor
R,/ (Ry + R;) before they can be compared to the diode peak imbalance,
Alp.

The two conditions stated previously as necessary for proper circuit
operation are now expressed as equations in terms of the currents just
defined. The first condition states that

B
Alp + 81, < [Ig—Alg— I, — Iyl ———. 9
Ry + Ry,
The second condition states that
Ry
Alp—8Ip> [Alg + I+ Ipp]l ————— - (10)
Ry + Ry

Combining Conditions (9) and (10) gives the criterion on Alp.

Ry

Ig—Alg—1I,— Iyp] —————
RO+RL
Ey
— 81> Alp> [Alg + I+ Iyl ———— + 81, (11)

o T Ity

If Condition (11) indicates that a range of allowable values for Alp
exists, majority circuits with the tolerances specified should, on the
basis of this static analysis, operate properly in a large logic network.
If such a range of values does not exist, a workable network cannot
be built from elements having the given tolerances.

Since it is only required that a range of Al exist, Alp can be elimi-
nated and the criterion established on Iy. Thus Condition (11) becomes

33
[Ig—Alg—I,—Ipgl ———
3 3 Ryt R,

R,
—8Ip> [Alg+ I, + Ippl ———— + 81,

0 L
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which, when simplified, gives

(12)

81p(Ry + Ryp)
Ig>2| Alg+ 1, + Iy, + e

Ry,

Condition (12) is a single requirement that must be satisfied by a
given majority circuit design if the large logic network is to function
properly. One half the amount by which Iy exceeds the right-hand
side of Condition (12) is termed the excess input current. It is this
current, modified by the factor R,/ (R, + R,), which serves to over-
come dynamic problems of balanced-pair circuits.!?

This criterion on Iy will now be applied to balanced-pair logic net-
works comprised of typical 50-ma and 5-ma germanium-diode majority
circuits similar to those used in the experimental work reported in
the first part of this paper.

4. Application of Criterion

The results of applying Condition (12) to the 5-ma and 50-ma
circuits (see Figure 21 and Table III) are tabulated in Table VI. For
purposes of comparison, the currents involved in the criterion have been
expressed as percentages of the peak current, Ip, of the respective
tunnel diodes.

In Table V the component of I, from reactive causes reflects the
effect of imbalances in the series inductance, L, and shunt capacitance,
C, of the tunnel diodes on the steady-state behavior of the circuits at
150 mc. For the 50-ma circuits, this was 1 per cent of I, while for the
5-ma circuits it was negligible. If the 50-ma circuits were operated
at a repetition rate substantially less than 150 me, this component of
Iyp could be neglected. However, the excess input current would still
be —0.01 I.

One other point is worth noting in conjunction with Table VI.
Recall that for the 50-ma circuits R,/R,=14.4, while for the 5-ma
circuits R,/R, = 38.4, a factor of 2.68 difference. This difference in
R,/R, between the two circuits reflects itself in the values of I, where
the value for the 50-ma circuit is approximately twice that for the 5-ma
circuits. Primarily, this difference in the R,/R, ratio is due to the
fact that K, was not increased in approximately the same proportion
that I, was decreased. That is, if B, and R, had been scaled with

12, J. Gibson, G. B. Herzog, H. S. Miiller, and R. A. Powlus, “Tunnel-
Diode Balanced-Pair Switching Characteristics,” presented at the 1962
International Solid-State Circuits Conference, Philadelphia, Penna.; Feb-
ruary 14-16, 1962,
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approximately the same ratio as Ip, the characteristics of the 5-ma
circuits would have been identical with those of the 50-ma circuits,
provided, of course, that the voltage characteristics of the tunnel diodes
are invariant with changes in Ip.

The other effect of decreasing I, without increasing K, on the wave-
shape of the output voltage is shown in Figure 23. As previously dis-
cussed, the way to increase the width of the flat-top region in the
output-voltage waveshape is to increase R, all other parameters re-
maining constant. With these particular circuit examples, K, was not
increased in proportion to the decrease in Ip. Consequently, the width

2N REGION OF OUTPUT PULSE SEEN
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Fig. 23—Calculated output waveform for the 5-ma circuit.

of the flat-top region in the transfer characteristic was reduced and
the flat-top region in the output waveshape was all but eliminated, as
Figure 23 indicates. For the waveshape shown in Figure 23, the per-
missible lengths of the interconnecting transmission lines are restricted
to 31.2° = 3.8° in length. (The value 3.8° is an assumed quantity.)
Assuming a relative phase error between phases of the three-phase
power supply system of +3.0°, the region of the output waveform seen
by circuits in the subsequent phase is 16° wide. Consequently, the
nominal value of V, is 174 millivolts and its tolerance is ®7 per cent,
a value reflected in the Alg entry in Table VI.

These results certainly indicate that a workable balanced-pair logic
system can be made with low-peak-current tunnel diodes and the given
tolerances. A choice of 5 ma is, perhaps, a little too low due to the
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reduction in the flat-top of the output waveshape. An increase in E,
or a doubling of the peak current would probably yield a design where
an appropriate compromise is made between noise current and output
pulse flap-top. Of course, tolerances on tunnel diodes ana circuit com-
ponents are still rather restrictive. However, this is a worst-case
tolerance approach and a procedure for individual trimming of the
balanced-pair circuit components would certainly increase the permis-
sible initial variations in parameters.

Table VI
Characteristic 50-ma Circuit 5-ma Circuit
Fan In 2 2
Fan Out 2 2
Nominal Logic Current (Is) 18% Ip 28% I»
Total Load Current (21s) 36% I 56% I»
Feedthrough Current (Ix) 3.1% Ip 1.5% Ip
Imbalance Current (Ics)
Reactive Causes 1.0% I» —
Statie Causes 209 Ip 1.5% Ip
Variation in Nominal Logic Current (Alg) 3.69% Ip 4.2% Ip
Inaccuracy in Peak Current Imbalance (381r) 1.0% I» 1.0% Ip
Ro+ KL
2|:A15+Ix+1173+ (——) Ip] 22.0% Ip 16.6% I»
R.
Excess Input Current —2.0% Ir +5.7% I,
CONCLUSIONS

In Part I, two balanced-pair building blocks were described. To-
gether, these building blocks provide a functionally complete set which
amplifies and standardizes logic signals. An individual balanced-pair
circuit was operated in excess of a I-kmec repetition rate. However,
only the 5- and 50-ma circuits operating at a 150-mc repetition rate
have sufficient gross fan power or logic gain to indicate potential useful-
ness in high-speed computers.

The major problems of distribution of high-frequency a-c supply
voltages and packaging and subsystem fabrication techniques were
successfully solved. However, system tolerance requirements remain
as the limiting factor in the application of balanced-pair circuits as
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building blocks for high-speed computers. A worst-case study of the
system tolerance requirements indicates that component and circuit
tolerances must be in the one to two per cent region. However, a pro-
cedure for individual trimming of the balanced-pair circuits would
certainly increase the permissible initial variations in component and
circuit parameters and broaden the application of balanced-pair cir-
cuits to computers.
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APPENDIX A—TRANSFER CHARACTERISTIC EQUATIONS

The important voltages in Figure 16 are listed in terms of circuit
and tunnel-diode parameters as follows:

R, +7r Riry
Vyp=——"""="2Vy, + ——2I,, (13)
2RL + 7 2RL + ry
Va;2:2VP! (14)
Ry+m Rpry
Vyg=—""2Vy+———2Iy, (15)
2R, + 17y 2R, + 7y
Vea =2Vy, (16)
R, + 7, R, ro Ry
VI5:———2VP+——2VN+———2(1,,—1V), am)
2R, + 75 2R, + 1y 2R, + 7,
V.z'l
Vor=Vy— , (18)
2
Rpry .
Vop=———Up—1Iy) if V= Vy—V,), (19a)
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, Ry(ry+17s) . ,
Vo' = b if V' > (Vy—Vp), (19b)
Ry(ry + 1) + 17
V.z'3
V03 == VN —_ y (20)
2
Vy —ridy
Vo = it V' < (Vy—Vy), (21a)
7
14——:—
Ey
Rpry
V= d if Vo= (Vy—Vy), (21b)
Rp(ry+ 1) + 117
Va-5
Vs = — Vp, (22)
where
VP = EP + IPR” 0

Vy=Ey+I;R,,

VN:EN”'IvR‘,,

VF:EF+IPR9,
Ve

r1=-

Ip

Ve—Vx
To=—"""")
Ip—1Iy

To—1T] T T17s
b=V, + Vy — Iy ’
ry+ 7o L+ 7o rL+ 7T

T2
d:VV ——1 +(VN_T2IV).

1

Tunnel-diode parameters Ep, Evy, Ey, Ep, Ip, and I, are defined in Fig-
ure 14. The foregoing equations were derived from purely geometrical
considerations of volt-ampere characteristics denoting operation of
majority circuits.
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As a typical example of the method of deriving the above equations,
the derivation of Equation (17) is given.

The limiting case for 2¢, such that |V,| > 0 is shown in Figure 24.
The procedure of equating currents is employed to derive V., the
power-supply voltage associated with the limiting condition. In this
case, the current through the tunnel diode in the high-voltage region is

Va‘ﬁ - (VN + VP)

'_+ V-

7=
To

COMPOSITE CURVE « ’
OF DI AND R F
|
/;/LOAD LINE SLOPE=R—L
3
/ -
Q/va 7 ~*— SLOPE = =
) c
O)% 4 0’? -
’ / £\ SLOPE ="—
’ g [ONp4 i
{ ! zeg
Vv // VN
’
’
b i
€g= 7 Vxs ~— Vos Vo
2eg =Vyg

Fig. 24—Characteristic curves used in the derivation of Va. The effect of
R, is included in curves D1 and D2.

The sum of this current and the current through the load, ¢ = V/R;,
must be I,. That is,

Vos = Vas— (Vy+V5p)
IP = + + Ve
R, T,

The equation for V,; obtained directly from Figure 24, is

Solving these two equations for V,5 by eliminating V5 gives Equa-
tion (17),
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RL + s RL
wg =—————2Vp + ——«—— 2V
2R; + 7y 2R, + 1y
APPENDIX B

Imbalance Voltages

o By,

vyt ————2, —1Iy).

2R, + 1,

The values of the open-circuit imbalance voltages E, and E; given
in Table IV are obtained in the following manner. E; is made up of
three components. One is due to the imbalances in tunnel-diode volt—
ampere characteristics, the second is due to power-supply tolerances,

AB

Q'lz
Q\\@
N )
N
b
1

COMPOSITE
CHARACTERISTIC
LOOKING IN
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/

=1
SLOPE = (__r” lip )
fitha

.

7
/

SSLOPE = T'—

12
LOAD LINE

1
SLOPE = -
N R _(I-8)
L
\<
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Fig. 25—Characteristic curves used in the derivation of the unbalanced
voltage Fy. The effect of R,» and R, the internal resistance of power sup-
plies ¢, and e,2, is taken into account in curves D1 and D2, respectively.

and the third is due to steady-state reactive imbalances (discussed
below). The contributions of the first two components are accounted
for in the following equation (see Figure 25):

(23)

max

T11
— e (1) —e,(t)
T2
E=
r
R
712

where e, (f) and e,;(f) are the appropriate values of the two power-
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supply voltages for the subscript 4. In this equation, r{; and 7, result
from imbalances in the tunnel-diode parameters. They are given by

Ep(1+4+8) +IpE,(1 +a)(1—vy)
= ,

I, (1+a)

Ep(1+B) +1IpR,(1—a)(1+7v)
Tip = ’

Ip (1—a)

where «, 8, and y are tolerances on Ip, Ep, and R,, respectively. In
Equation (23), the maximum value of the right-hand side is obtained
while # varies during the time of the locking interval of the circuit
chosen for study. A rearrangement of Equation (23) puts it into
better form for determining this maximum. It will then be shown
that for certain assumptions about the locking interval, the effect of
the variation in time can be neglected.

To allow for both relative and absolute tolerances in the two power
supplies, let

e(t) = 1 xd)Epc+ (1 £ a,) E o sin ot

ety =1 xd)(1xd)Ep+ (1 xa,) (1 +a,)E,gsin (of =0)
where d, and @, are absolute tolerances and d,, @, and 8 are relative
tolerances. In this case, €, () has been used as the reference power

supply. It is convenient and practical to assume that d, = @, and that
d; = a;. Thus, since r;/70 <1, Equation (23) becomes

711 )
—_ (1 + dl) 1 +
719 tan ot + x sec ol

E,. (1 +4d,) (x+ sin o)

T11 max
14—
T12

where 6 is assumed to be a small angle and is expressed in radians. If
a few more assumptions are made, Equation (24) can be even further
simplified.

To eliminate the need for determining the maximum value of the
right-hand side of Equation (24) during the locking interval of the
circuit chosen for study, z (= Epo/Esc) is selected such that y = 0°.
Consequently (d/dt)e, (1) is at its largest possible value, and the
elapsed time for 2e,(t) to pass through the locking interval is mini-
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mum. Therefore, the variation of | €| max With time during the locking
interval is assumed to be negligible. Further, assuming that the cir-
cuit chosen for study is on phase-two of a three-phase power supply
system, E, is given by

11 g
——+ (A +dp| 14—
719 x
E, = (1+d,)2E ¢, (25)
™™
14—
T12

and Ej is given by

711 26
— — A +d)| 11—
712 346+«

Es = (1 + do) xEAC o (26)
i1
1+ —
T12

The value of E,¢ to use in Equations (25) and (26) is determined
as follows. From Equation (17), Appendix A, V,, is obtained. Its
value plus the value of x as obtained from Equation (5) is used with
Equation (15) to obtain E,,. This value of E ¢ has not been reduced
to allow for tolerances and thus tends to offset the approximations
used in arriving at Equations (15) and (26).

For the parameters of the 5- and 50-ma circuits described in Table
IIT and Figure 21, this procedure yields a value of I, of 1.45 ma for
the 50-ma circuits and 0.075 ma for the 5-ma circuits by interpolation
from Table IV.

Reactive Imbalances

To a good approximation, the effect of imbalances in the series
inductance, L, and shunt capacitance, C, of the tunnel diodes on the
steady-state behavior of the circuits can be accounted for in Iyp. Es-
sentially, the process is simply to replace the tunnel diodes with a
linear resistor equal to E,/I, to unbalance only the reactive com-
ponents of the circuit, and to solve for the resulting sinusoidal voltage
across R;. For the 50-ma circuits of Table III and Figure 21, this
voltage was only 4.59 mv at 150 mc for ot = 0. For the corresponding
5-ma circuits, this voltage was negligible. Therefore,



538 RCA REVIEW December 1962

1
E, = = _Ei+V1"

11712

+ -
R, (14 8) (rn + ”'12)

where V, is the voltage due to the above-mentioned reactive imbalances.
For these 5- and 50-ma circuits

711712
1> .
Ry (14 8) (14 + 712)




MICROAPERTURE HIGH-SPEED
FERRITE MEMORY

By

R. SHAHBENDER, T. NELSON, R. LOCHINGER, AND J. WALENTINE

RCA Laboratories
Princeton, N. J.

Summary—A novel approach to the fabrication and operation of ferrite
elements for random-access memories with a read—write cycle time of 100
nanoseconds is described. The fabrication technology involves the use of
electron-beam drilling to form microapertures, and printed wiring for ease
of assembling. Experimental data for both the element fabrication and
operation are presented.

INTRODUCTION

for random-access storage. Available memories, operating in a

current-coincident mode, have capacities up to approximately
2 X 10°% bits and cycle times in the neighborhood of 10 microseconds.!
Shorter cycle times, around 1 microsecond, have been achieved in
commercial systems by resorting to a word-organized mode of opera-
tion? Because of the increased cost of the required electronic cir-
cuitry, bit capacities in the latter type are in general less than those
of a coincident-current storage.

Impulse switching techniques? together with advanced fabrication
technologies are being used to reduce cycle times to the vicinity of
100 nanoseconds. This paper presents results which establish the
feasibility of medium-size, random-access ferrite memories with cycle
times of 100 nanoseconds. This goal, which has also been sought
through an approach based on magnetic thin films,*%6 is achieved by
the well-established technology of ferrites.

PRESENT-DAY DIGITAL COMPUTERS employ ferrite cores

!J. A. Rajechman, “Computer Memories: A Survey of the State-of-the-
Art,” Proc. LR.E., Vol. 49, p. 104, Jan. 1961.

2J. A. Rajchman, “Ferrite Apertured Plate for Random Access Mem-
ory,” Proc. I.R.E., Vol. 45, p. 325, March 1957.

$R. E. McMahon, “Impulse Switching of Ferrites,” Digest of Technical
Papers, Solid State Circuits Conference, Philadelphia, Pa., p. 16, Feb. 1959.

*A. V. Pohm and E. N. Mitchell, “Magnetic Film Memories—A Sur-
vey,” Trans. I.R.E. PGEC, Vol. EC-9, p. 308, Sept. 1960.

® Raffel, et al.,, “Magnetic Film Memory Design,” Proc. LR.E., Vol. 49,
p. 155, Jan. 1961.

$W. E. Proebster, “The Design of a High-Speed Thin Magnetic Film
Memory,” 1962 International Solid State Circuits Conference, Philadelphia,
Pa., Feb. 1962.
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The general philosophy adopted for the program is

(1) miniaturization of the size of the storage element to attain
high speed;

(2) use of printed-circuit techniques to facilitate fabrication
and assembly.

The miniaturization of the element results in power requirements
for high-speed switching that are compatible with semiconductor de-
vices. The use of printed-circuit techniques permits the use of auto-
matic fabrication processes with potential cost reduction.

Electron-beam milling, a recently developed fabrication process,
opens up new vistas in microminiaturization. The use of this tech-
nique to form micromagnetic elements, as described in this paper, is
timely, since the minimal size limits attainable lie between those
achieved by present techniques and those to be expected from research
in the area of miniaturization by controlled crystal growth. Further,
the automatic programming of milling operations is easily accom-
plished by controlling the position, energy, and size of the milling
tool, i.e., the electron beam. The process is particularly suited to auto-
mation since the variables are naturally suited to electronic control.

FERRITE SWITCHING CHARACTERISTICS
The switching characteristics of a toroidal core are described by
the well-known relationship?

Ts (H_Hc) =Sw7

where T, = switching time,
H = applied magnetic reversing field,
H, = coercive field of the core,
S,, = switching constant characteristic of the core composition.

This relationship has been experimentally verified over a large
range of applied fields and for a variety of material compositions (both
ferrites and magnetic metals). The experiments indicate a decreasing
value of S,, for high fields.®

”N. Menyuk and J. B. Goodenough, “Magnetic Materials for Digital
Computer Components,” Jour. Appl. Phys., Vol. 26, No. 1, p. 8, 1955.

8 W. Lee Shevel, Jr., “Millimicrosccond Switching Properties of Ferrite
Eognputer Elements,” Jour. Appl. Phys., Supplement to Vol. 30, No. 2, p.
75, 1959.
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Irrespective of the mechanism involved (rotational or domain-
motion switching), experiments have shown that a core may be
switched in a few nanoseconds by the application of a sufficiently high
drive field. For the case where H > H, the switching relation re-
duces to

T =27ryS,,

where I = applied reversing current (assuming single-turn windings)
and r, = average core radius.

Since a core is a closed magnetic path, there are no demagnetizing
fields present. This implies that the average core radius is not limited
by fundamental considerations due to demagnetizing effects. Thus, for
a given switching speed, the current required to reverse the flux
around an aperture is reduced by reducing the average radius of the
aperture, r,, and/or the switching constant of the material.

For a toroidal geometry, the switching current decreases linearly
with decreasing radius. The current-carrying capacity of a conductor
linking the core decreases as the square of the radius. This places a
lower limit on aperture radius given by

258,
r=

= 0.556 X 10—% meter (= 0.02 mil),
KT,

where

K = 109 amperes per square meter = permissible conductor
current density,

T, = 30 nanoseconds = switching speed required for 100-
nanosecond memory,

S, = 8.3 X 10—% ampere-second/meter (0.1 oersted-micro-
second) = lowest switching coefficient measured for
ferrites.

For a core of average radius r,, radial extent Ar, and axial length L,
the energy E required to switch it, and the output voltage V derived
from it are

S,,L L Ar
rodr, Vo
T, T,

E o
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The ratio of output voltage to energy, which may be considered as a
figure of merit for magnetic elements, is

14 1

—

E S, 'ro.

This ratio may be increased at constant output voltage by reducing the
effective core size. The output voltage is determined by the product of
L and Ar. For obvious reasons Ar must be kept small (a fraction of r,).
The axial length, L, may not be made arbitrarily large to obtain
arbitrarily large output voltages since this introduces delay and slows

=10 mil
7
r
-
I
B et Bl ‘
ﬂo‘ 80 mil
o Q.
a ‘¢ |
ZZ mil ‘
% i
~—-80 mil— _ _ .|

!

Fig. 1-—Geometry of a microaperture ferrite element.

the memory cycle. Thus, depending on the actual memory-element con-
figuration, a specified value of L must be used representing a com-
promise between output voltage and délay.

The expressions given above may be used to estimate the element
size required for a given drive current. Drive-current limitations exist
since the memory is to be operated with associated electronic circuits
capable of delivering the required pulses at a 10 mc repetition rate.
If a drive current of 200 ma (a reasonable value for solid-state devices)
and a switching time of 30 nanoseconds are assumed, the average core
radius is

TJI
278,

ro < =120 X 10—8 meter (= 5 mils = 0.005 inch).

MEMORY ELEMENT AND SYSTEM ORGANIZATION

The memory element selected consists of a ferrite wafer 80 X 80 %
10 mils. Four apertures with a diameter of 1 mil each and a center-to-
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10 mil = Lzo-rzo +20- k10 mil
; ‘

Fig. 2—Winding pattern for microaperture element.

center spacing of 2 mils are electron-beam drilled in the center of the
wafer as shown in Figure 1. Four separate windings, each linking an
aperture in the pattern shown in Figure 2, are fabricated by photo-
etching techniques to give a wired element. The elements are assembled
in a mosaic and the individual windings are interconnected by mass
fabrication techniques to give a wired memory plane as shown sche-
matically in Figure 3.

The memory is operated in a word-organized, two core per bit
mode? under impulse switching conditions. The two X-directed wind-
ings are for the word currents; the read and write currents are applied
to different windings. The two Y-directed windings are for digit and
sense. The effective internal diameter of an equivalent core is ap-
proximately 4 mils (this is the diameter of the circle circumscribing
the four apertures). The effective external diameter is determined by
the magnitude of the switching currents.

A two-wire system is also possible (and in fact may be preferable)
In which bipolar pulses for read—write are applied to the X-directed
winding, and the Y-directed winding is used for digit-sense. The
ferrite element and winding patterns are suitably modified by having
two apertures per wafer (each with a diameter of 1 mil and a center-

Fig. 3—Mosaic of interconnected wafers (four wire system).
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to-center spacing of 2 mils) instead of four: the winding pattern is
shown in Figure 4.

The four-wire system reduces the burden on the electronic drive
circuitry since unipolar pulses may be used on the word lines. The
advantage in having separate digit and sense windings is only mar-
ginal because of the inherent tight coupling between these windings.
The two-wire system requires bipolar pulses on the word lines. How-
ever, it offers an advantage in halving the number of apertures and
interconnections. The reduction in the number of windings per wafer

Fig. 4—Mosaic of interconnected wafers (two wire system).

permits the use of rectangular wafers with a reduced dimension in the
digit direction. This decreases propagation delays along the digit-
sense windings which is of importance for high-speed operation.?

MEMORY FABRICATION TECHNOLOGY

Ferrite Wafer Fabrication®

Dry-pressing techniques are utilized to fabricate the ferrite wafer
blanks for the memory system. Investigations were conducted to deter-
mine optimum conditions (composition, particle size, binder content,
compacting pressure, firing schedule, etc.) for fabricating blanks with
the required magnetic characteristics and a high degree of dimensional
tolerance to permit mosaic assembly. As a result of these investiga-
tions, blanks were fabricated with nominal dimensions of 80 X 80 X
10 mils, with tolerances of +0.5 mil in lateral dimensions, and =0.1
mil in thickness; an 80 per cent yield was obtained. The compositions

9J. A. Rajchman, “Computer Memories—Possible Future Develop-
ments,” RCA Review, Vol. 23, p. 137, June 1962.

* This phase of the work was conducted at the RCA Semiconductor and
Materials Division—Ferrite Operation, Needham Heights, Mass., under the
direction of J. J. Sacco.
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used are of the conventional variety, with the metal ion content and
final firing temperature adjusted to give the required magnetic char-
acteristics. For the composition selected, the coercive force is ap-
proximately 1.0 oersted and the switching coefficient is 0.3 oersted-
microsecond. A variation in firing temperature of more than +=20°C
is sufficient to cause serious deterioration in the high-speed switching
characteristics.

-—

HIGH
VOLTAGE

PULSE INPUT
""" aNooE
CONDENSER LENS
||/ MRROR

1
/’ MICROSCOPE

E‘; DEFLECTION
CIO 1 T euminator

MECHANICAL STAGE

i] OBJECTIVE LENS

POWER DENSITY IN SPOT
100 MILLION WATTS/sq cm

Fig. 5—Schematic of the electron-beam drilling machine.

Microaperture Drillingt

The microapertures are formed in the blank wafers by electron-
beam drilling. In this technique, a beam of high-energy electrons is
focused onto the work piece in the manner indicated schematically in
Figure 5. The energy of the incident electrons is absorbed at the
point of impact by the work piece and converted to heat. Exceedingly
high power densities (108 watts per square centimeter) are attained
resulting in the local generation of very high temperatures and high
temperature gradients. To protect the work piece thermally and con-

t This phase of the work was performed using the electron-beam milling
facility of L. R. Industries, Mt. Vernon, N. Y., available on a jobbing basis.
A description of this facility is included in the “Proceedings of Annual
Symposium on Electron Beam Processes,” held by the Alloyd Corporation
on March 24-25, 1960.
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fine the elevated temperature zone to the impact region, a pulsed beam
is used. For ferrites, the locally generated heat is sufficient to
sublimate the material without causing excessive recrystallization in
neighboring regions.

In drilling the microapertures in the ferrite wafers, beam voltages
in the range of 80 to 100 kilovolts, peak beam currents in the range of
150 to 200 microamperes, pulse widths of 10 microseconds and a pulse
repetition rate of 100 per second were found optimum. The beam is
focused under these conditions to produce an aperture having a
diameter of 1 mil. The experimental work performed indicates that
the optimum drilling conditions depend on the ferrite composition and
the thickness of the work piece. An increase in wafer thickness re-
quires a higher drilling voltage. Samples as thick as 30 mils were
successfully drilled by increasing the beam voltage to 135 kilovolts.

Under optimum focusing conditions, the electron-beam drilling
machine used for the experimental work produced apertures with a
diameter of 0.3 mil. To drill larger-diameter apertures the beam is
de-focused. This results in a nonoptimum power-density distribution
across the beam, a reduction in the temperature gradient in the work
piece, and an increase in the size of the recrystallized zone surrounding
the drilled apertures. Overcoming this difficulty would require a re-
design of the electron optics.

To drill the four-aperture pattern of Figure 1, the beam is sequen-
tially deflected to the four positions by energizing the deflection coils
shown in Figure 5 from a relay control unit.

To facilitate the drilling operations, the semiautomatic jig shown
in Figure 6 was designed and built. The function of the jig is to
precisely position wafers, supplied from a storage magazine, under
the drilling beam and to remove the wafers after they are drilled.
The precision in positioning the wafers under the beam is necessary to
facilitate fabrication of the windings. The jig is made of nonmagnetic
stainless steel and is actuated via a flexible shaft and rotary vacuum
seal by an electric motor mounted outside the vacuum chamber. The
jig must be operated without lubricants because of the deleterious
effects of the high x-ray levels generated during drilling. The supply
magazine has a capacity of 120 wafers which are manually loaded prior
to insertion in the machine. The drilling rate of 6 wafers per minute
achieved is mainly limited by operation of the jig rather than the
time required for the actual drilling.
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Fig. 6—Driliing jig.

Figure 7 is a micrograph of a polished section through two aper-
tures in an 8.8-mil-thick wafer. The recrystallized zone is clearly

Fig. 7—Micrograph of section through two electron-beam-drilled apertures,
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visible. In addition, a small crater and mound can be seen at the top
of the sample corresponding to the entry side of the beam. The crater
and mound formation seems to be inherent in electron-beam drilling,
and necessitates lapping the entry surface prior to fabricating the
windings. Figure 8 is a micrograph of the surface of a sample after
lapping. Again, the recrystallized zone can be clearly seen.

Fig. 8—Micrograph of the surface of a lapped wafer.

Winding Fabrication®

The following three-stage process is used to fabricate the windings
on the individual wafers:

(1) The apertures are filled with a conducting paste consisting of
a mixture of finely powdered silver and silicone oil. The paste is placed
on a glass substrate and the wafers are pressed into it. This forces
the paste into the apertures. The paste is sintered at a low tempera-
ture and the surfaces of the wafers are lapped to remove the excess
paste and the crater and mound formed during the electron beam
drilling. Figure 9 shows a photomicrograph of the cross section of
an aperture with the sintered silver paste in it.

(2) The two surfaces of the wafer are metalized by vacuum
evaporation with an 0.5-mil-thick layer of copper. The deposited

* This phase of the work was conducted at the RCA Electron Tube
Division, Harrison, N. J., in the Chemistry and Physics Laboratories under
the direction of N. Freedman.



MICROAPERTURE FERRITE MEMORY 549

copper surface is a replica of the ferrite surface and under proper
illumination shows the location of the apertures as depressions.

(83) The metalized wafers are coated with photoresist, optically
aligned in a high magnification system with a photomaster and exposed
to ultraviolet radiation. The copper is then etched to give the required
winding pattern after which the photoresist is removed.

Because of the high precision attained in drilling the apertures
with respect to a reference corner, coarse alignment (within a few
tenths of a mil) is achieved by the jigging fixtures; thus the final
alignment requires only small motions of the wafer with respect to
the photomaster.

Fig. 9—Micrograph of section through drilled aperture showing injected
silver conductor.

The electrical resistance of the silver plugs, as measured by two
fine probes, had a minimum value of 0.04 ohm. A total winding resist-
ance of 0.1 ohm was acceptable, and those showing a higher value
were rejected.

Mosaic Assembly

The winding pattern shown in Figure 2 is designed to permit all
interconnections to be performed from one surface. This is accom-
plished by having the windings overlap the edges of the wafer. To
interconnect the wafers a printed circuit board with a pattern of holes
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and interconnecting tabs is fabricated. The holes are 55 mils in
diameter and the interconnecting tabs are photoetched in the copper.
A low-temperature solder is electroplated onto the board prior to
etching. The wafers are assembled into a mosaic on the board and
are held in position by the application of a vacuum to the back surface
of the board. The entire assembly is heated to effect the soldering of
the wafers to the interconnecting tabs.

Fig. 10—4 X 4 mosaic of microaperture wafers.

Figure 10 is a photograph of a 4 X 4 mosaic assembled in this
fashion. The corner wafer is removed to show the hole and inter-
connecting tabs. Because of difficulties encountered in having the
windings overlap the edges of the wafers, the interconnections on the
top surface of the mosaic were manually soldered. An improved as-
sembly technique is under development to permit the interconnections
to be made on both surfaces. This eliminates the need for having
the windings overlap the edges of the wafers.

In addition to the 4 X 4 mosaic shown in Figure 10, a 4 X 8
mosaic was assembled. Total winding resistance of the 4 X 8 mosaic
ranged from a low value of 0.2 ohm to a high value of 10 ohms. A
12 X 16 mosaic is presently being assembled,
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OPERATING MODE

The mode of operation selected for the memory is word-organized
with two wafers per bit. In this mode all bits of a selected word are
subjected to the same read—write current pulses. The optimum digit
drive technique,t selected on the basis of experimentation, applies a
digit pulse to either one or the other of the two wafers of a bit in
time coincidence with the write pulse and of such a polarity to always
add to it. In other words, if the two wafers of a bit are labeled A
and B, wafer A is digited to write a binary “1” and wafer B is
digited to write a binary “0,” the polarity of the digit pulses in both
cases being chosen to add to the write current pulse.

Sensing is differential in that the output sense voltage obtained
during read is the difference between the two voltages induced along
the digit-sense windings linking the two wafers of a bit. The sense
voltage corresponding to the two binary states is bipolar since the
difference in the irreversible flux switched in the two wafers of a
bit is positive or negative depending on which of the two wafers
received the digit pulse.

The digit-sense windings link corresponding wafers in all words
of the memory. Thus the digit pulses, unless controlled in magnitude,
will disturb the information stored in the memory. The effect of the
digit pulses acting to disturb the stored information is minimized
by the digiting technique described above. Alternative digiting tech-
niques (e.g., a binary “1” is entered by adding magnetomotive force
to wafer A and subtracting it from wafer B by digit pulses, and the
reverse for binary “0”) may in principle result in larger sense volt-
ages for the same magnitude currents; however, experimentally it was
found that the sense voltages were reduced to zero or even reversed
in polarity under appropriate disturb conditions. The alternative
digiting techniques investigated always resulted in sense outputs con-
siderably smaller than those obtained with the technique described
above, when fully disturbed, and with the current amplitudes adjusted
to optimum.

The observed disturb effects indicate that a partially switched fer-
rite element has a considerably higher disturb threshold for current
pulses tending to switch additional flux in the element than for cur-
rent pulses of the opposite polarity. For the digiting technique
selected, the disturb pulses are unipolar and of the same polarity as
the write current, resulting in minimal changes in the sense output

T This technique was suggested and verified by H. Amemiya of RCA
Electronic Data Processing, Advanced Development, Pennsauken, N. J.
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voltages as a result of the application of disturb pulses following
writing and prior to reading.

In a random-access memory operating with a cycle time of 100
nanoseconds, digit disturb pulses may occur at a minimum time sepa-
ration of 100 nanoseconds and a maximum repetition rate of 10 me
after the initiation of writing at a given location and prior to reading
at that location. The total number of applied disturbs is essentially
unlimited. As is to be expected, the repetition rate at which the disturb
pulses occur influences the degree to which they disturb the magnetic
states of the two wafers constituting a bit. To a first order this may
be explained on the basis of the change in average value of a long
sequence of unipolar pulses of fixed width and amplitude and variable
repetition rate. The higher the repetition rate, the higher the average
value of the pulse train and the greater is the disturb effect. Further,
since the digit pulses are time limited, each disturb pulse can produce
partial effects only. Thus the full disturb effects can only be assessed
by applying a large number (of the order of a hundred) of disturb
pulses.

The minimum elapsed time between writing and the application of
disturb pulses is of great importance in determining the effect of the
disturb pulses. In general, for the compositions tested, the disturb
effects decreased with increasing minimum elapsed time up to 0.5
microsecond. Beyond 0.5 microsecond, no further decrease was evi-
dent. Similar effects have been reported by others'® and are explained
in terms of relaxation mechanisms. The experimental work performed
indicates that this effect is material dependent; in the composition
selected for the memory, the effect is minimized.

EXPERIMENTAL DATA
Ferrite Compositions

Ferrite compositions investigated are of the conventional square-
loop type with variable metal-ion concentrations. Both hand-wired
electron-beam-drilled wafers and toroids were pulse tested to deter-
mine high-speed switching characteristics. The toroids were also used
to obtain low-frequency hysteresis loops. The results indicate a de-
pendence of switching coefficient, coercive force, squareness ratio
(defined as the ratio of remanent flux to saturation flux), and Curie
temperature on the concentration of the metal ions. The minimum

10 W, Lee Shevel, Jr., personal communication to J. A. Rajchman.
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switching coefficient measured is approximately 0.15 oersted-micro-
second, with a corresponding coercive force of 0.1 oersted, Curie
temperature of 70°C, and a squareness ratio of 0.5. The material
selected for the memory has a switching coefficient of 0.3, a coercive
force of 1.0, a Curie temperature of 100°C and a squareness ratio of
0.7.

Bit Operation

A number of wafers of different compositions are electron-beam
drilled with the two-aperture geometry of Figure 4 (1-mil diameter
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Fig. 11—Circuit used to test memory bit.

on 2-mil centers). Two wafers of a kind are hand wired (using 0.7-
mil-diameter wire) and mounted on strip-line board for operation as
a memory bit. A schematie of the circuit configuration is shown in
Figure 11. Read, write, and digit pulses are provided by transistor
drivers (fixed pulse width of 30 nanoseconds at the base and adjust-
able amplitude) triggered by commercially available 10-mec logic build-
ing blocks. The sense output transformers have a 1:1 turns ratio
(10 turns on each side) wound on ferrite beads.

Three basic pulse programs are used to evaluate the performance
of a bit. These are

(1) alternate “One—Zero” read—write,
(2) alternate “One-Zero” read—write with disturbs,
(3) mixed “One’s” and ‘Zero’s” read—write with disturbs.

1. Alternate “One—Zerc’ Read—Write

In this program an alternating pattern of “1” and “0” is cyclically
written into, and read out of the memory bit at a cycle time of 100
nanoseconds and a repetition rate of up to 10 me. Figure 12 shows
the pulse program used and Figure 13 shows oscillograms of the volt-
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Fig. 12—Alternate “one” and “zero” pulse program.
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Fig. 13—Sense output voltages at 0.05, 2, and 10 mc
(pulse program of Figure 12).
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Fig. 14—Alternate “one” and “zero” with disturbs pulse program.

age developed at the sense output terminals under constant drive con-
ditions and at three different repetition rates: 0.05, 2.0, and 10 me.
The “1”” and “0” outputs are shown superimposed at the lower repeti-
tion rates and separated by 100 nanoseconds at the 10 mec repetition
rate. Inspection of Figure 13 shows that the sense voltage is inde-
pendent of repetition rate. The operating current levels and sense

outputs are:

read current: 600 ma

write current: 250 ma

digit current: 45 ma

undisturbed sense output: =85 mv

2. Alternate “One—Zero” Read—Write with Disturbs

In this program an alternating pattern of “1”’ and “0” is cyclically
written into the memory bit. Each write operation prior to reading
is followed by the application of disturb pulses aimed at destroying
the stored information. Figure 14 shows the pulse program and Figure
15 shows oscillograms of the voltage developed at the sense output

terminals for the same current-drive levels as above.

The disturbed sense voltages are =65 mv; a decrease of 20 mv due

READ SlGNAL—; r—WRITE PICKUP

50 ke

TIME: 50 ns/cm
SENSITIVITY : OO mV/cm

Fig. 15—Sense output voltages with 10 me disturbs
(pulse program of Figure 14).
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TIMING AND DISTURB BURSTS SAME AS IN FIG. I3
SENSE OUTPUT OBSERVED UNDER THE HEAvY READ PULSES

Fig. 16—Mixed “one” and “zero” with disturbs pulse program.

to the digit disturbs. Experimentally it was determined that 3 X 107
disturb pulses produced no additional disturb effects as compared to
only 100 pulses.

3. Mixzed “One’s’ and “Zero’s” Read-Write wwith Disturbs

The preceding pulse program is not the most pessimistic. A further
deterioration of the sense signal occurs if the following pulse program
is applied: a large number of “17’s, each followed by disturbs in the
«17 direction is written and read from the bit; this is followed by a
single “0”, which is then disturbed in the “1” direction. This “0” is
then read out and the output voltage recorded. The mirror image of
this program is then applied, and a “1” read out and recorded. The
program is shown in Figure 16; Figure 17 shows oscillograms of the
voltage developed at the sense output terminals for the same current
levels as above. The sense voltages obtained are *£55 mv. Comparing
Figures 13, 15, and 17, a progressive decrease in output voltage is
noted. It is felt that the pulse program of Figure 16 represents a suffi-
ciently stringent test so that a memory bit that yields the acceptable
output of Figure 17 under the conditions of the test will perform
satisfactorily in a computer under random conditions.

READ SIGNAL—} r—WRITE PICKUP

TIME : 50 ns /cm
SENSITIVITY: [OO mV/¢cm

Fig. 17—Sense output voltages with 10-mc disturbs
(pulse program of Figure 16).
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READ- WRITE
100
100 100 DIGIT
REFERENCE &7 R
WAFER I’” T”’

© S| WAFER
| oo 100
DIFFERENCE
AMPLIFIER AND SCOPE

Fig. 18—Circuit for testing uniformity of drilled wafers.

Uniformity of Electron-Beam-Drilled Wafers

The uniformity of the magnetic characteristics of electron-beam-
drilled wafers is obviously of importance in determining the feasibility
of this fabrication process. A measure of this uniformity is obtained
by measuring the difference in output voltages between a reference
wafer and a test wafer for the same read current pulse and the follow-
ing write conditions:

(1) Both wafers subjected to equal write pulses (“0” state),

(2) The reference wafer is subjected to the write pulse and the
test wafer is subjected to a write plus digit pulse (“1” state).

The circuit configuration used is shown in Figure 18. The data
obtained for four groups with a total of 34 unselected, hand-wired
wafers is plotted in Figure 19. The four groups were drilled in
succession under the same operating conditions with the vacuum re-
leased and the machine pumped down after each group drilling. The
test current pulses are 50 nanoseconds wide at the base and have the

GROUP I GROUP IC GROUP IO GROUP IZ

70

60

50

40

30

20

SIGNAL (mV)

| E
|

10

o]

\ AT
NAVAN4Y;

' 23 4567891 23456789 34567891 234567889

~-20

Fig. 19—Uniformity of “1” and “0” outputs cf drilled wafers.
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following amplitudes:

read current: 400 ma
write current: 200 ma
digit current: 50 ma

The data of Figure 19 shows a spread of approximately 25 mv in
the “1” output and a somewhat smaller spread in the “0” output.
This spread in outputs is tolerable for operation with the sense volt-
ages shown previously. However, since each wafer is fabricated with
its individual windings, automatic pretesting with segregation into
batches prior to assembly is feasible.

Temperature-Rise Measurement

The average power required to switch a wafer at a 10 mc repetition
rate is approximately 200 milliwatts. The temperature rise above
ambient, experimentally measured with a miniature thermocouple
having a 3-mil-diameter junction bead in contact with a hand-wired
wafer switched by a 10 mc sine wave, is 35°C for a low coercive force
material (0.1 oersted) and 24°C for a high coercive force material
(0.8 oersted) for a drive current peak amplitude of 200 ma.

The temperature-rise data given above indicates undesirable heat-
ing effects. The situation is alleviated by the presence of the large
radiating surfaces of the printed conductors in intimate contact with
the ferrite in the region of the microapertures. These surfaces are
effective in providing the necessary cooling. In addition, the output
sense voltages shown in Figure 13 show no deterioration with increased
repetition rate up to 10 me. Thus heating is not a serious problem
for a high-speed ferrite memory.

CIRCUITRY

Three basic circuits are required for a word-organized random-
access storage. These are
(1) word drivers,
(2) digit drivers,
(3) sense amplifiers.

Word Drivers

The word drivers are to deliver the read—write currents to indi-
vidual words. A diode matrix is normally used to reduce the number
of drivers. For a two-wire system, a bidirectional diode matrix is
needed. For a read—write cycle time of 100 nanoseconds, the word
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drivers must be capable of delivering externally triggered pulses with
a base width no greater than 30 nanoseconds at a maximum repetition
rate of 10 me. The maximum word length is determined by the break-
down voltage of the output transistor in the drivers. The back voltage
developed along a word line is in the range of 300 to 500 millivolts per
wafer depending on the magnitude of the switching current. High-
speed, high-current transistors with collector breakdown of 50 volts
are commercially available. This implies that word lengths of 25 to
40 bits (50 to 80 wafers per word) are feasible.

The load impedance presented by a selected word may be considered
as lumped, and is highly resistive. This is valid since the number of

TRIGGER IN 2N706

-20

Fig. 20—Two-stage transistor driver (negative polarity output).

bits per word is normally small, so that propagation effects in the
word direction are negligible. Further, the switching characteristics
of a square-loop element from an energy point of view are such that
it is to a first order approximation equivalent to a resistor. For a
two-wafer-per-bit system with bipolar sense output, the load impedance
presented by the word line is constant independent of the stored
information.

Driver Circuits

The two-stage transistor driver shown in Figure 20 was designed,
built, and tested. With the RCA developmental type TA2084 tran-
sistor (140 volts collector breakdown) for the output stage, current
pulses of 300 ma into 300 ohms and repetition rates up to 10 me were
achieved, as shown by the oscillograms in Figure 21.

Positive current pulses with the same characteristics as the nega-
tive ones are obtained by modifying the output stage of the circuit of
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100 kc RER RATE

80 mA/cm

|10 Mc RER RATE

50 ns/cm

Fig. 21—Oscillogram of the current output into a 300-ohm load of a
positive polarity driver.

Figure 20 to that of Figure 22. Positive and negative drivers are
interconnected in the manner shown in Figure 23 to deliver bipolar
pulses into a common load. The two drivers are interconnected via
back-biased diodes to permit operation close to the collector break-
down, i.e., the voltage transient induced in the load due to the positive
pulse is absorbed by the diode in the negative driver circuit and vice
versa.

Bi‘direclional Diode Matrix

A square diode matrix with \/N rows and \/N columns will drive
a memory with a capacity of N words. For a bidirectional matrix the
number of unipolar drivers is 4~/N. Half of the drivers may be tran-
sistor switches, e.g., in Figure 24, A; and B; may be drivers and C;
and D; may be switches.

The diodes must have fast reverse recovery, high forward conduct-
ance, high reverse voltage breakdown, and low junction capacitance.
The fast recovery is necessary for high-speed random access. High
forward conductance decreases diode dissipation and allows more of
the voltage developed By the driver to overcome the back voltage due
to flux switching, i.e., longer words. The reverse breakdown must be
approximately the same as the back voltage developed across the load.

LOAD

Fig. 22—Second stage of transistor driver connected for positive
polarity output.
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POSITIVE POLARITY
DRIVER

—

NEGATIVE POLARITY
DRIVER

Fig. 23—Bi-directional driver.

Low junction capacitance reduces the current drain on the drivers
since each A; or B; driver (Figure 24) operates into a load consisting
of the selected word line in parallel with the capacitance of (/N — 1)
back-biased diodes. Each C; or D, driver operates into a load consist-
ing of the selected word line in parallel with (2v/N — 1) back-biased
diodes.

The RCA developmental type TA1126 diodes, as well as other com-
mercially available diodes have characteristics compatible with the
above requirements. The 2 X 2 bidirectional matrix shown in Figure
25 was built and operated at a 10-mc repetition rate. Three of the
loads shown are 51-ohm resistors, and the fourth is effectively a 48-bit
(96-wafer) word. This load consisted of four ferrite plates each

Fig. 24—2 x 2 bi-directional diode matrix (simplified schematic).
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having dimensions of 300 X 300 X 10 mils with a 4 X 6 array of
electron-beam-milled aperture clusters. One aperture in each cluster
was hand wired to give a total of 96 apertures connected in series. In
addition, capacitors were added to the circuit (C =120 picofarads) at
the points shown in Figure 25 to simulate the effects of unselected
lines. Biasing voltages are supplied to all rows and columns through
series R-I networks to maintain all unselected diodes in reverse bias.

7
C:lr: -4

L. B L T LR
r " 1

.. R L N L R _ .
= C:}: =

——_
= \_}‘.,‘LC’ LOAD
\\

L. R L L .-
L ¥ 1
| ey B ez
) _

_. R L L R ,)__-L
i 1
f‘ R L R 3 L R _ﬁ

Fig. 25—Schematic of tested 2 X 2 bi-directional diode matrix.

For 300 milliamperes through the selected load, the total voltage
developed across the load (/R drop as well as back voltage due to flux
switching) is 30 volts. The capacitive current in an unselected diode
is 8 ma, and the current shunted to ground by each R-L bias network
is 10 ma.

Digit Driver

The digit drivers deliver the digit pulses to the digit-sense wind-
ings. The lengths of these windings are of the order of ten feet (80
inches for a 1000-word memory) and propagation effects are no longer
negligible. The characteristic impedance of a digit-sense line is a
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function of the geometry of the element winding pattern and the
magnetic and dielectric characteristics of the ferrite. Experimental
measurements and theoretical calculations indicate a characteristic
impedance in the range of 250 to 500 ohms. Thus the digit drivers
must deliver current to a relatively high-impedance load. The magni-
tude of this current is 15 to 25 per cent of the write-current amplitude,
leading to voltage requirements in the range of 10 to 25 volts.

The digit pulse normally overlaps the write-current pulse. Addi-
tional pulse width must be provided to compensate for the delay in the
digit pulse due to propagation along the digit-sense winding to insure
coincidence for all words. In the experimental work undertaken, the
digit and write-current pulses are of the same duration and are pro-
vided by identical drivers.

Sense Amplifiers*

A two-stage transistor amplifier followed by a tunnel-diode strobing
stage and an additional transistor stage was developed for operation
as a differential sense amplifier at high speed. A current-limiting diode
network is used to interconnect the sense-digit lines and digit drivers
to the sense amplifiers. The diode network limits the signal appearing
at the input of the sense amplifier to about 1.5 volts during the digit
transient.

The amplifier is designed to sense a signal of 30 millivolts, has an
output of 5 volts, a delay of less than 10 nanoseconds, and a recovery
from the digit transient of less than 40 nanoseconds.

FUTURE DEVELOPMENTS

The memory system as described is based on the fabrication of
individual wafers assembled into a mosaic. The merits of this approach
are

(1) a high yield of wafers is obtained as compared with the fab-
rication of plates, where a single faulty bit necessitates scrap-
ping the entire plate,

(2) automatic pretesting of wafers is easily accomplished,

(3) replacement of faulty wafers in a mosaic is possible.

Wafer dimensions of 80 X 80 X 10 mils were selected at the begin-
ning of the program to ease fabrication difficulties. The results of the
work performed indicate that smaller lateral wafer dimensions are

“This phase of the work was conducted at RCA Electronic Data
Processing in the Advanced Development Activity, Pennsauken, N. J.,
under the direction of A. I. Pressman.
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more desirable so as to reduce the propagation delays along the sense-
digit windings and the back voltages induced along the read-write
windings without decreasing the sense outputs. Reduction in wafer
thickness will reduce the back voltage along the read—write windings
and the sense output. Measurements on wafers with dimensions of
80 X 30 X 10 mils show a decrease of approximately 30 per cent in
back voltage. A new design is being completed based on wafers of
50 X 30 X 10-mil dimensions with the wafers assembled on 50-mil
centers in the word direction and 30-mil centers in the digit direction.
This will lead to a 30 per cent increase in bits per word and a reduction
in the propagation delay by a factor of approximately 2.

Further extensions involving the fabrication of multiple bits per
wafer are possible. A modest start is to combine the apertures on two
wafers into a single wafer, i.e., use a single wafer with two clusters,
each cluster having two apertures in it to store one bit. Experimen-
tally, a separation of 20 mils between clusters leads to sense outputs
identical to those shown previously. Figure 26 is a photograph of a
“microapertured plate” containing 16 clusters of apertures. The
clusters are positioned by mechanical motion of the plate under the
beam. The apertures within a cluster are positioned by deflection of
the beam. The feasibility of fabricating such “microapertured plates”
depends on the mechanical tolerances that can be maintained in locat-
ing the clusters to facilitate the photoetching of the winding patterns.

CYCLE-TIME CONSIDERATIONS

Rajchman® has shown that the cycle time, T, of a memory can be
expressed as

T=2t +t,+t,+t,+t,

where ¢, is the switching time, ¢, the transmission time, £, the ampli-
fication time, #, the addressing time, and ¢, the preread delay time.
For the microaperture memory the switching time is 30 nanoseconds.
The transmission time along the sense digit winding for the 80 X 80 X
10-mil wafers is 28.3 nanoseconds per 1000 words (assuming a propa-
gation velocity of 1/8 and 1/10 that of light for the paths between
clusters and through the clusters, respectively). For the 50 X 30 X
10-mil wafers the transmission time is 15.8 nanoseconds. The ampli-
fication time is the sum of the time delays through the sense amplifier
and the digit driver. The sense amplifier time delay is 5 nanoseconds
and the same value is assumed for the digit driver giving f, = 10 nano-
seconds. For 1000 words the addressing time is the delay through 10
logic levels, which is assumed to be 30 nanoseconds. The preread delay
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in the sense amplifier is 30 nanoseconds. Thus the cycle time for the
memory is approximately 150 nanoseconds for a 1000-word capacity.
CONCLUSIONS

The data obtained from the operation of a 4 X 8 mosaic establishes
the feasibility of high-speed ferrite memories with cycle times of 150

Fig. 26—Integrated microaperture ferrite plate.

nanoseconds for a 1000-word capacity. A 12 X 16 mosaic is to be tested
in the near future. Word lengths of 40 bits are feasible with presently
available transistors. Write and digit current requirements are modest
and sense output voltages are exceptionally high. Read current levels
are relatively high. Nominally, the read current required should be no
greater than the sum of the write and digit currents. The not too well
understood effects in the high-speed switching characteristics of fer-
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rite required the use of the high read currents. Research in the
synthesis of ferrite compositions for high-speed application indicates
that this is not a fundamental limitation.

The conclusions to be inferred are that microapertured ferrite
elements are eminently suited for high-speed applications and have
advantages that place them in a more favorable position than thin
magnetic films.
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VAPOR PRESSURE DATA FOR THE SOLID
AND LIQUID ELEMENTS

By

RicHARD E. HONIG

RCA Laboratorie:
Princeton, N. J.

Summary—V apor pressures, melting and boiling points, and their asso-
ciated energies have been selected, evaluated, tabulated, and plotted for
79 elements that are solid or liquid at room temperature. Vapor pressures
have been plotted as log p (Torr) versus log T (°K). This collection con-
tains data available before September 1, 1962.

INTRODUCTION

which included 57 elements solid or liquid at room temperature.

The considerable volume of information that has become available
in the intervening years makes it desirable to bring this collection up
to date. The present paper presents information, both published and
unpublished, for 79 solid or liquid elements. For gaseous elements, the
reader is referred to a separate collection (41) published in 1960.

EN 1957, a collection of vapor pressure data was published (40)

DATA AND COMPUTATIONS

The vapor pressure data presented in this paper come from the
following major sources: ‘“Selected Values for the Thermodynamic
Properties of Metals and Alloys,” by Hultgren and collaborators (43) ;
“JANAF Interim Thermochemical Tables,” by Stull and collaborators
(46) ; “Thermodynamic Properties of the Elements,” by Stull and
Sinke (75); a thorough literature search covering articles and ab-
stracts available before September 1, 1962; and a number of private
communications concerning unpublished results.

To keep the list of references to a reasonable number, the three
collections mentioned above, rather than original articles, have been
quoted whenever possible. In addition to these, a total of about 125
articles and abstracts were consulted, out of which some 75 references
have been selected and quoted. References presenting results that
appear seriously out of line with other work have been omitted. Since
this compilation is based on the data of many workers who measured
vapor pressures by different techniques under widely differing experi-
mental conditions, it is often very difficult to choose between two
apparently equivalent sets of results, and at times the preference
expressed may be subjective and arbitrary.

567
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To compare vapor pressure data from various sources, they were
plotted on log p versus log T graphs, where p is in Torr (mm Hg) or
atm and T in °K. Hultgren’s data (43) for many metals, tabulated
as temperatures at given pressures, could be plotted directly. Stull’s
data (16, 75), tabulated as log p (atm) at given temperatures, could
be put directly on the log p versus log T plots with the help of a special
scale. Most of the individual references present experimental results
in terms of the general equation

log,,p = AT—! + Blog,,T + CT + DT? + E, (1)
where
p = pressure, expressed in this paper in Torr (mm Hg)
T = absolute temperature, in °K

A,B,C,D E = coefficients characteristic of the element (in most
cases, only A and E are used).

A computer was employed to determine from Equation (1) the tem-
peratures corresponding to fixed pressures, starting at 103 and going
in decade steps down to 10—13 Torr. Newton’s method of successive
approximations was used until the final value matched the equation
to five significant figures. The data were checked for accuracy and
correctness of transcription by comparing the computed boiling point
for each element with the known value, and by checking to see if the
pressures obtained from the solid and liquid equations matched at the
melting point. The tabulated results were then plotted over the range
103 to 10— Torr.

Tor the elements whose gas phase is made up of two or more species
of known concentrations, total vapor pressures were obtained by adding
the individual curves graphically. These cases are identified by a X
preceding the chemical symbol. For those elements that are made up
predominantly of atomic species, contributions from molecular species
have been neglected, and the symbol is given without a subscript. For
the few elements that consist largely of one molecular species, the
appropriate subscript has been added.

In a number of cases, the vapor pressure equation is known for
the solid, but not for the liquid phase, and in a few instances the re-
verse is true. To obtain data for the missing temperature range, the
following approximation was employed. Assuming coefficients B, C,
and D of Equation (1) to be zero, the vapor pressure at the melting
point can be expressed by



VAPOR PRESSURE DATA 569

As Al
log pyp=— +E,=———+E, (2)
Typ Typ
where subscripts “s” and “1” refer to the solid and liquid states,

respectively. From the well-known Clausius-Clapeyron equation it
follows that

1000 AHy ; 1000 AH
Ay=— y A=, (3)
4.576 4576

where
AH, » =heat of sublimation at temperature T, in keal/mole

AH . , = heat of evaporation at temperature T, in keal/mole.

Finally,
AHgp=AHyp+ AHy (4)

where

AH, = heat of melting, in kcal/mole.

Thus, Equations (2), (3), and (4) permit computation of approximate
vapor pressures for the liquid from solid-phase data and the heat of
melting, and vice-versa.

As seen below, the gas phase of a substantial number of elements
contains two or more species, each having its individual heat of sub-
limation, AHg. Where feasible, these energies have been determined
by mass spectrometric means, but in some cases the value for the
dimer, AHg(X.,), is obtained from the cycle (23)

AHy(X,) =2AH4(Xy) — Dy (Xy) (5)
where
AH4(X,) = heat of sublimation of monomer, in kcal/mole

Dy (X,) = dissociation energy of dimer, in kcal/mole, deter-
mined from spectral band data.
RESULTS

Table I presents the desired vapor pressure data over the range
10—11 to 103 Torr, together with literature references and the tem-
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perature range of the original data. To simplify the tabulation, tem-
peratures have been quoted to = 1° between 200 and 1000°K; to = 5°
between 1000 and 2000°K; and to = 10° above 2000°K. These values
reflect the accuracy with which the curves in Figures 1A through 1C
can be read. However, it is rare for pressure measurements to be made
to better than = 209, which corresponds to a temperature uncertainty
of between one and two percent. Thus, the last figure quoted in Table
1 may not be significant. The symbol ®, inserted between the appro-
priate columns, indicates the melting point, thus defining at a glance
the solid and liquid ranges.

Figure 1 presents the vapor pressure data in graphical form on
three separate sheets.* To locate a given element, the column marked
“Curve Sheet” in Table I should be consulted. Sheet A contains mostly
elements from the first half of the alphabet, Sheet B those from the
second half, and Sheet C the rare earth elements and estimated curves
(shown dashed). However, placement of some of the elements was
determined by the need to minimize excessive overlapping of curves.
The circled point ® shown on most curves is again the melting point.
The letters “s” (solid) or “I” (liquid) have been appended to the
chemical symbol if the melting point falls outside the range of the
graph. Where two elements fall on the same curve and one of them
is based on estimated values, the symbol of the latter is placed in a
dashed circle. For some elements, there exist several different, but
apparently equivalent, sets of vapor pressure data as determined by
different workers. Where these measurements appear equally reliable,
the set nearest the mean has been selected.

Table II summarizes temperatures (°K) and energies (kcal/mole)
for the melting and vaporization processes of the elements, as well as
the references selected. The significant figures shown and errors
quoted are those of the original articles and may, in many instances,
give an over-optimistic impression of the accuracy of the data. Three
different vaporization energies are quoted whenever available: AHy,
the heat of vaporization at the boiling point; AHg,, the heat of
sublimation at 0°K; and AHg s, the heat of sublimation at 298°K.
If the gas phase contains several species, they are arranged in the
order of relative abundance, and energies are quoted for each. Esti-
mated values are shown in parentheses. Different, but equivalent,
values obtained by different workers have been listed with their cor-
responding references.

* Reproductions are available in two sizes, 20 x 25 and 8% x 11 inches;
requests for copies should be addressed to RCA Laboratories, Princeton, N.J.
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VAPOR PRESSURE IN ATMOSPHERES
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Table II—Melting and Vaporization Data for the Solid and Liquid Elements.

MELTING VAPORIZATION
\Hy s, AHs, 298
MP AHy BP aBP @0K 298K
SPECIES X keal/mole REF. X kecal/mole | kecal/mole | keal/mole REF.
Ac 1320 (3.4) 50,74 3470 (95) 28
+ 50 +300
Ag 1234 2.885 43,50 2435 67.99 68.10 43,58,81
) &
Ag, 98 25
Al 932 2.55 46 2736 70.7 77.4 78.0 46
11 +.05 +.4 +.4 +.4
Al, 109 13
Am <1103 11 2880 57. 11
1269 9 2700 66
As4 1090 6.62 75 886 30.5 34.5
A52 >48 75
As >69
A(z (575) (5.7) 75 (610) (21.6) 75
Au 1336 2.955 43 3081 88.0 88.0 234,3943,57,64
+1.0 +1.0
Au, 126 25
B 2300 5.3 46 3950 128.0— 129.2—
>2420 70 136.7 137.9 3.12,27,32,46,
62,66,6
Bz 190 — 191 - 9,70,78
199 200
Ba 983 1.83 50 1895 36.7 41.74 43
Be 1556 2.8 46 2757 71.14 77.25 78.25 46
+5 £ +.5
3.52 47
+.08
Bi 2.6 53.12 52.50 43
2 2
Bi } 544.5 1 43 152 49.56 1950 |43
C3 188.1 189.7
2.3 2.3
c 169.58 170.89
+.45 +.45
CZ 4130 195.8 199 24,46
1.7 +1.7
ch 230 242
+ 6
Cy 233 242
+6 6
Ca 1123 1.97 43 1756 42.26 42.37 43
+.4 +.4
CaZ 79 8
Ccd 594 1.46 43 1040 22.96 26.78 26.77 5,43
+.03 .15 +.15
cd, 50.8 8
Ce 1077 1.238 72 (3740) 9.9 97 43
+.004 @1800) +3
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Table II—Melting and Vaporization Data for the Solid and Liquid
Elements (Continued).

MELTING ; VAPORIZATION
My AHg o | AHs 204
MP AHy BP @BP w0 @298
SPECIES K keal/mole REF. K kcal/mole | kcal/mole | kcal/mole REF.
Co 1768 4.1 43 3174 101.1 101.5 43
1 +1.0 +1.0
Cr 2176 (5.0) 43 2938 94.3 94.9 43
+5 +.5
Cs 19,05 18.67 43
301.8 ?’3% £ 955 +.07 +.07
Cs2 } 27.70 26.62 43
Cu 1357 3.12 43 2846 80,25 80.53 43
+.15
Cu2 114 25
Dy 1680 4.1) 15 2710 62,5 42,43
5
71.4 68
61.6 80
Er 1770 (4.1) 15 (2850) 75.67 75.39 43,77
£15 +.34 +.34
66.4 80
Eu 1099 (2.5) 43 1764 43.4 43.11 43,77
+10 .4 +.25
Fr (300) (0.5) 75 (950) (15.2) 75
Fe 1809 3.63 43 3148 98.99 99.55 43
+.6 +.20 +.20
100.5 36
+.4
Ga 302.9 1.335 43 2676 68.96 14
219
G32 106 13
Gd 1585 3.7 71,75 {3000) 81.91 81.22 75,77
+15 +.32 1.32
83.6 80
Ge . 90. 75
Ge, } 1210 7.6 75 3100 79.9 115 25
Hf >2400 (5.2) 59,75 4690 14?.3 42,59
+1.
4800 146.59 42,55
+.24
Hg 234.29 0.5486 43,46 629.73 14.171 15.441 14.691 43,46
+013 +.013
Hg, 27.4 8
Ho 1734 4.6 16 2842 70.6 16,80
+5 +.6 +7
75.47 75.04 77
+.44 +.44
In 429.3 0.78 43 2364 52 43,54
+
ln, 94 20
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Table I11—Melting and Vaporization Data for the Solid and Liquid
Elements (Continued).
MELTING VAPORIZATION
AHy AHg o AHs 298
MP AHy, BP @BP @298
SPECIES K kcal/mole REF. K« kcal/mole | kcal/mole |kcal/mole REF.
Ir 2727 (6.3) 50 4810 159.9 37,60,62
+100 2.0
K 336.4 0.562 43 1031 19.176 21.629 21.415  |43,76
+1 +.006 +.053 +.050 +.050
K3 30.37
+.50 43
La 1193 (1.29) 43 3610 104.1 104.0 1
£7 £7
100.24 100.18 43
+9 +.9
Li 453.69 | 0.717 4 1597 35.403 38.164 38.584 |43
+.03 +.005 +.400 +.400 +.400
Li, 50.41 43
+.90
Lu 1925 (4.6) 15,43 (3300) 102.8 35,77
5 94.7 80
Mg 923 2.14 43,46 1376 35.01 35.3 43
+.05 .25 .25
Mn 1517 3.5 75 2309 66.45 66.74 81
+.05 .05
Mo 2890 (6.65) 43 4924 158.3 158.7 43
+.8 +.8
Na 370.98 | 0.6217 43 1156.2 23.426 25.901 25.852 |43
.02 £.0010 1150 +150 +.150
Na, 33.4 8
Nb 2770 (6.4) 73 4640 171.80 172.53 73
+.49 +.49
Nd 1297 1.705 43 3335 77.5 77.3 43
+.019 £2.0 2.0
76.3 80
Ni 1725 4.21) 43 3159 102.18 102,67 43
4 +1.4 +1.4
Os 3318 (7.0) 61,75 5260 187.3 61
+.
P 870 4.5 46 704 30,77 46
+.2 +.40
P, 42.7 75
P 79.8 75
P 600.6 1.14 43 2016 46.76 46,60 43
+.30 +.30
Ph, 70 25
Pd 1823 4.2 43 3310 89.0 89.2 21
43 +.8 +.8
91.0 38
+.8




580 RCA REVIEW December 1962

Table II—Melting and Vaporization Data for the Solid and Liquid
Elements (Continued).

MELTING YAPORIZATION
\Hy "\HS,O AHS,298
MP AHy, BP @BP @K @298%K
SPECIES X keal /mole REF. K keal/mole | keal/mole | keal/mole REF.
Po 32.9 31,75
2 - ,
. } 527 (3.0) 50 1220 3 7s
Pr 1208 1.65 35 3295 85.1 68
77.9 80
Pt 2043 4.7) 43 4097 134.8 135.0 43,21,37
+1.0 +1.0
Pu 913 19 3508 80.46 63
=19 +.32
@1592)
Ra 973 (2.0) 75 (1800) (32.7) 75
Rb 312 0.56 75 974 16.54 19.60 75
sz 27.55 75
Re 3453 (7.9) 43 5960 169. 185.9 186.1 43
+20 2.0 +2.0
Rh 2239 (5.15) 43 4000 132.8 133.1 43
+100 +5 +.5
Ru (2700) (6.1) 43 4392 154.9 43,61
+100 +1.3
S 24.35 10,75
8 88. 0.41052 46 17.7 28 ’
s, } 38836 ’ e ’ 3084 |75
S | 66 8
Sb 4.69 50.2 49.0 43
4 0 4 1908
Sh, } 203 =10 ’ 56.8 56.3 43
Sb ) 62.6 62.7 43
Se 1811 4.2 35 3280 79.7 1
+2 +0.4
82.28 48
0 } 490 13 75 952 629 ;2?? 7
Sep kcal/geat ' 5
Se | 55 23
si 107.4 6,18,33
g 1685 12,095 46 3418 3.0
Si, 2 1 140 25
Si3 146 46
Sm 1345 2.061 43 2076 49.42 49.56 43
+.015 +.60 *.60
Sn 505 1.75 43 2891 72.1 721 43
£o5) 1.5
Sn, 98 25
Sr 1043 (2.2) 75 1640 33.2 39.1 E)
Ta 3270 {7.5) 75 5510 186.8 186.9 43
+.6 +.6
Tb 1638 3.9 43,50 (3295) 87.1 80
91.9 77
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Table II—Melting and Vaporization Data for the Solid and Liquid
Elements (Continued).

MELTING VAPORIZATION
AH \Hs,o >3Hs,298
MP AHy BP @BP @0K @298%K
SPECIES K keal/mole REF. K kcal/mole | keal/mole | kcal/mole REF.
Tc (2400) (5.5) S, (4900) (138) (155) 75
'I‘e2 723 4.18 75 1267 35.6 75
Te 46.5 75
Th 1968 (3.74) 75 5020 136.6 17
+.5
Ti 1940 4.46 43 3575 112.08 112.74 43
+.50 +.50
Tl 577 0.975 43 1710 42.85 42.70 5,30
+.050 +20 £.20
Tm 1873 4.4 43 2005 58.8 43
£50 &V
u 1405.5 4.7 7,63 4090 106.8 116. 117.2 2,65
+8 +2 +.1 4.1
v 2190 (5.05) 43 3652 122.37 123.17 43
+10 +.30 +.30
w 3650 8.42 43,46 5800 201.5 201.8 43,46
+5 42.0 2.0
Y (1773) 4.1) 75 3570 97.6 1
+.4 85.71 49
Yb 1097 2.2 50 (1800) 40.0 68
5
Zn 692.7 1.765 43 1184 31.11 31.25 43
1.1 +.080 +.05 $.05
Zr 2128 4.9 43,46 4747 136.4 145.1 145.4 46
25 1.4 +.4
DISCUSSION

Since the publication in 1957 of the first collection, enough new
data have become available so that the present edition contains infor-
mation on all naturally occurring elements solid or liguid at room
temperature. In some instances, however, the data are only rough
estimates, or there is not yet satisfactory agreement between different
sets. These cases are discussed briefly below.

Astatine: Stull’s data (75) are only an estimate, obtained by extra-
polation from the other halogens.

Boron: The wide range in AH gy (129.2 to 137.9 keal/mole) pro-
posed in ten recent publications (see Table 1I) is indicative of the
difficulties encountered in handling this element. Since Stull’s recent
values (46) are near the mean of the different sets of data, they were
used for the vapor pressures in Table I and the curve in Figure 1A.

Dysprosium: Hultgren’s tabulation (43), based on data by Savage,
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Hudson, and Spedding (68), has been accepted for the solid .phase,
but liquid vapor-pressure data were recalculated by the method dis-
cussed above. Reference (68) quotes a value for AHg 593 Which differs
considerably from that proposed by White et al (80).

Erbium: Vapor pressures relative to those of Nd have been pre-
sented by White et al (80), who quote a AHj 093 = 66.4 kecal/mole. On
the other hand, Trulson et al (77) have measured AHg 93 = 75.39 =
0.34 kecal/mole, which is very close to the value for the neighboring
element Ho, whose vapor pressure is known (16). In the absence of
more accurate information, the Er vapor pressure is assumed to fall
on the Ho curve.

Lutetium: Vapor pressures relative to those of Pr are given by
White et al (80) who also quote AHg »95 = 94.7 kecal/mole. While the
value obtained by Trulson et al (77) differs significantly (AHg 295 =
102.8 keal/mole), their rough vapor-pressure estimate is in fair agree-
ment. White’s relative values have been used for the vapor-pressure
curve in Figure 1C.

Polonium: Stull and Sinke’s vapor pressure values (73) have been
plotted in preference to Giorgi’s (31) whose constants are apparently
in error.

Sulfur: In the low-pressure region, the data by Briske et al (10)
are in good agreement with Stull’s (75) values for Sg. Above the
melting point, Kubaschewski’s equation (52) has been selected.

Terbium: Vapor pressures relative to Nd have been presented by
White et al (80) and are used here as a basis for an estimated curve.

Yttrium: There exists a considerable discrepancy in the values
for AHg measured by Ackermann and Rauh (1) and by Karelin et al
(49), and their respective vapor pressures differ by more than one
order of magnitude. Since many more details are known about the
experimental work of Reference (1), it has been selected.

Yiterbium: No absolute vapor pressures are available, but values
relative to Sm have been obtained by Savage et al (68), and these
were used for an estimated curve.
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DESIGN CONSIDERATIONS FOR DOUBLE-
DIFFUSED SILICON SWITCHING TRANSISTORS

By

H. KRESSEL, H. S. VELORIC, AND A. BLICHER

RCA Semiconductor and Materials Division,
Somerville, N, J.

Summary—This paper reviews some of the basic concepts of transistor
design and discusses their application to present processing and materials
technology. Typical design information is presented, including sample
design calculations for a representative epitaxial silicon transistor.

DEVICE DESCRIPTION

planar silicon transistor, the 2N1708. In this type of structure,
which can be readily fabricated by existing techniques, boron and
phosphorous diffusions are used to form the base and emitter regions,
and a photoresist process is used to define the surface geometry. The
lightly doped collector region is grown on the heavily doped substrate
wafer by epitaxial techniques.
Figure 2 shows a representative impurity distribution for the
2N1708 transistor, and Table I lists some of the structure parameters
of the device.

I[ 1ﬂIGURE 1 shows the circular geometry used in a typical epitaxial
|

Basic JUNCTION PARAMETERS

Junction Capacitance and Avalanche Breakdown

Junction capacitance has been evaluated for various cases such as
linear-graded transition,” abrupt transition,> ptin+ structure,® and
erfc and Gaussian impurity distributions.* In the linear-graded transi-
tion, the space-charge layer is divided equally between the two sides
of the junction. The abrupt junction has its depletion layer entirely
in tha lightly doped region. For the ptint type, the barrier width is

P H. 8. Veloric and K. D. Smith, “Silicon Diffused Jun-tion Avalanche
Diodes,” Jour. Electrochem. Soc., Vol. 104, p. 222, April 1957.

*K. G. McKay, “Avalanche Breakdown in Silicon,” Phys. Rev., Vol.
94, p. 877, May, 1954.

$H. 8. Veloric and M. B. Prince. “High Voltage Conductivity Modu-
lated Silicon Rectifier,” Rell Sys. Tech. Jour., Vol. 36, p. 975, Julv 1957.

H. Lawrence and R. M. Warner, Jr., “Diffused Junction Depletion

Layer Calculations,” Rell Sys. Tech. Jour., Vol. 39, p. 389, Oct. 1959,

587
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Fig. 1--The geometry used for the 2N1708 double-diffused
epitaxial planar transistor.
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Fig. 2—One of the possible impurity distributions for the 2N1708 transistor.
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determined by the width of the intrinsic region, . Gaussian types
have the space-charge layer divided unequally.
The general expression for barrier capacitance, C, is

C K€0
— = ’ (1)
A X,

where A is the junction area, ¢, is the permittivity, K is the dielectric

Table 1

R,, Pellet radius 2.5 X10—2cm
A., Collector area 3.2 X 10—4 e¢m?2
R., Emitter radius 5 X 10—3cm
A+ Emitter area 7.8 X 10—5 em?
w, Base width 0.75 X 10—4 em
2s, Depth of collector-base junction 1.75 X 10—%em
Rs, Base sheet resistance 400 ohms per square
We, Thickness of high-resistivity collector

region (approximate) 5 X 10—%em
pe, Collector-region resistivity (after all

diffusion steps) 1 ohm-cm
a., Gradient at collector-base junction 4 X 1020 em—4
a., Gradient at emitter-base junction 1023 em—4

constant, and X,, is the thickness of of the space-charge region. For
a step junction,

c a(Np—Ny) 7|12
—=Ke — , (2)
A 2Ke,V

where ¢ is the charge of an electron, V is the total potential, and Ny
and N, are the donor and acceptor densities, respectively. For graded

junctions,
C Ke, 2qa 1/8
- = - y (3)
A 2 3Ke,V

where @ is the impurity gradient. For exponential-type distributions,!
the capacitance expressions exist only as tabular functions.
For diffused-junction transistors, the linear-graded case is a rea-
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sonable approximation. For epitaxial structures, in which the space-
charge region extends into the heavily doped substrate, the ptin+
calculation approximates the expression for the capacitance. Capaci-
tance decreases as the reverse voltage increases until the avalanche®
or reach-through voltage is attained.

Xp-DEPLETION REGION — CENTIMETERS
10-2 10-3 1074 10-3 1076
v

0T — S r—

.
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\
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\ \\\
\ \
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y o [ voLo
\\ \\ %9 * Vo [
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CAPACITANCE — puf/em?

Fig. 3—Relationship between space-charge width, capacitance, potential
and breakdown voltage for linear graded silicon p-n junction.
(Atter Veloric and Smith.!)

Figure 3 shows the relationship between space-charge width, ca-
pacitance, potential, and breakdown voltage for various values of
impurity gradient. The breakdown voltage is estimated from experi-
mental data.® The curve shows that for a given impurity gradient, the
variation of capacitance with potential and the avalanche breakdown
voltage are fixed.

Figure 4 is a curve which relates breakdown voltage to barrier
width and junetion capacitance for p+int structures. At low volt-
ages, the barrier extends through the intrinsic region and remains
fixed up to the breakdown voltage indicated in Figure 4. The 2N1708,
which has a collector body 5 microns thick, has a maximum collector

58. L. Miller, “Avalanche Breakdown in Ge,” Phys. Rev., Vol. 99, p.
1234, Aug., 1955.

6 H. S. Veloric, M. B. Prince and M. Eder, “Avalanche Breakdown
Voltage in Silicon Ditfused p-n Junctions as a Function of Impurity
Gradient,” Jour. Appl. Phys., Vol. 27, p. 895, Aug., 1956.
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breakdown voltage of 80 volts. Because the collector body is not in-
trinsic, the breakdown voltage is less than 80 volts.

Minority Carrier Lifetime

Minority-carrier lifetime affects device parameters such as current
gain, saturation current, and storage time.
Shockley and Read” have discussed the dependence of bulk lifetime

JUNCTION CAPACITANCE — puf/cm?2

4 3 2
1 1
o4 2 9 v

WIDTH OF I REGION
FOR PIN DIODES

xR R I

0]

BREAKDOWN VOLTAGE — VOLTS

‘OI 1 | | | Il Il Il 1 I 1 i 1
10-4 1073 1072 1071
BARRIER WIDTH FOR PIN JUNCTIONS — CENTIMETERS

Fig. 4—Breakdown voltage, barrier width, and junction capacitance for
ptint silicon structures. (After Veloric and Prince.3)

on the density of recombination centers in great detail. When the
density of recombination centers is N, with a capture cross section
a0 for holes and o,, for electrons, the minority-carrier lifetime = for
a low level of minority-carrier injection is

Ny + 14 Do+ Dy
T= Tpo Tno- (4)
Mo -+ Do 7o+ Py

The terms n, and p, represent the equilibrium electron and hole densi-
ties; n; and p, are given by

(En—Ep
7, = N, €Xp ——— - (5a)
kT

"W. Shockley and W. J. Reed, Jr., “Statistics of the Recombination
of Holes and Electrons,” Phys. Rev., Vol. 87, p. 835, Sept. 1952.
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(E;—E)
kT

Py = N,; €XP (5b)

The term #; is the intrinsic carrier density, E,; and E, are recombina-
tion center energy levels, and E; is the intrinsic Fermi level.

The lifetime of holes injected into highly n-type material is

1
== (6a)
ap0¥pN
The lifetime of electrons injected into highly p-type material is
' (
T =————, 6b)
" Tro¥ndV

where v, and v, are the thermal velocities for holes and electrons,
respectively.

The most commonly used technique for controlling minority-carrier
lifetime in silicon is the introduction of gold. The diffusion of gold
introduces two trapping levels: an acceptor level at 0.54 electron-volt
below the conduction band and a donor level at 0.35 electron-volt above
the valence band.®® In n-type silicon, only the acceptor level is assumed
to be effective; in p-type silicon, only the donor level is assumed
effective.

For an n-type sample in which #, is much greater than p,, Equation
(4) can be reduced as follows:

7
T="Tpo 1+—n—
0

(En—Ef)
T=1p| 1+ exp T = ’

where E; is the Fermi level of the sample.

When n, is much greater than n,, the material is lightly doped.
The Fermi level is lower than the level of the trap. The traps are
mostly empty, and recombination is limited because electrons are not

(D

8 G. Bemski, “Recombination Properties of Gold in Silicon,” Phys. Rev.,
Vol. 111, p. 1515, Sept. 1958.

9 C. B. Collins, R. 0. Carson and C. J. Gallagher, “Properties of Gold
Doped Silicon,” Phys. Rev., Vol. 105, p. 1168, Feb. 1957.
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readily available for recombination with holes. For high-resistivity
n-type silicon, Equation 4 may be reduced as follows:

G]
T T, ——. (8)
o

For a given number of recombination centers, the lifetime in a high-
resistivity crystal increases as the resistivity is increased because the
efficiency of recombination decreases.

In strongly n-type material in which E, is greater than E,; and n,
Is much greater than n,, the lifetime is independent of doping and
may be expressed as follows:

1
(9

T &= Tpo == .
opoUpN

In this case, which is the approximation of practical interest,!® all the
traps are full, and sufficient electrons are available to permit ready
recombination with holes.

Figure 5 shows a curve of 7,y and 7,, and gold concentration for
silicon as a function of the temperature of gold introduction. For
this curve, it is assumed that the gold concentration is determined by
the temperature at which the gold is introduced. The solubility is
based on results published by Collins et al.?

Figure 6 shows 7/7,, or 7/7p0 @S a function of the net impurity
concentration with gold as the recombination center. The curve, which
is a plot of Equations (7) and (8), illustrates the effect of the Fermi
level approaching the trapping level. Because of the different effective
trapping levels, lifetime is more difficult to reduce in moderately doped
p-type material than in similarly doped n-type silicon. Figures 5 and
6 present all the data required to estimate lifetime from the tempera-
ture at which gold is introduced and the net impurity concentration.
For n-type and p-type materials, there is an increase in lifetime when
the gold concentration is comparable to the background doping.

Space-Charge-Generated Reverse Current

It has been determined that reverse current!! in silicon p-n junc-

1 A. E. Bakanowski and J. H. Foster, “Electrical Properties of Gold
Doped Diffused Silicon Computer Diodes,” Bell Sys. Tech. Jour., Vol. 39,
p- 87, Aug. 1959.

11C. T. Sah, R. N. Noyce and W. Shockley, “Carrier Generation and
Recombination in p-n Junctions and p-n Junction Characteristics,” Proc.
LR.E., Vol. 45, p. 1228, Sept. 1955.
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tions arises from carrier generation in the space-charge region. For
moderate reverse bias, the reverse current I, is'?

ICO = qUXmA

(10)
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Fig. 7—Gold concentration, N, and space-charge-generated current as a
function of the temperature at which the gold is introduced.

Figure 7 shows gold concentration and space-charge-generated
current as a function of the temperature at which the gold is intro-
duced.

TRANSISTOR PARAMETERS
Collector-to-Emitter Voltage, V,(sat)

This section reviews the Ebers and Moll derivations'? covering the
voltages and currents required to operate a transistor in the three
operating regions. In saturation, the potentials of the p-type material
relative to the n-type material are expressed

12J, J. Ebers and J. L. Moll, “Large Signal Behavior of Junction
Transistors,” Proc. I.R.E., Vol. 42, p. 1761, Dec. 1954.
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?/kT 1E+ai10
P = In(—4+1> an
q Igo
ykT [ 10+ai1E :|
b, = nf] ——+1 (12)
q Igo

where y varies between 1 and 2. ¢, and ¢, are the voltages across the
emitter—base and base—collector junctions, respectively. I and I, are
the emitter and collector currents respectively, «; is @ with the collector
as emitter, and Iz, and I,, are the emitter and collector saturation
currents, respectively, at zero bias.

Subtracting Equation (11) from Equation (12) and rearranging
terms results in the following expression for Vg z(sat), which neglects
ohmic drops in the emitter and collector region:

I,
1+—0—a)
kT Iy
Vep(sat) =xy——1In . — . (13)

q 1‘_‘(¥ IC
[£7] 1—
« I,

Iq
1 +hm1+1—

B

I
hppr|{ 1———
Ighpg

where I, is the base current, hpp is the common-emitter current-
transfer ratio, and hpg; is the common-emitter current-transfer ratio
with the collector as the emitter.

If y=1,

Vep(sat) =+ .026 In

Figure 8 shows V¢ as a function of lipzg for various values of Zipp;
when the circuit gain I,/I, is 10. If the hpy is greater than four
times I,/I,, there is no appreciable decrease in V¢p. The Vip is shown
to be a strong function of hpg; and, therefore, increases with decreas-
ing symmetry. The magnitude of the saturation voltage shown in
Figure 8 suggests that the Ebers—Moll expression does not predict
the major voltage drop in a diffused junction transistor. In these
devices, the voltage drop resulting from the collector spreading resist-
ance, Rg, is significant.

The collector-to-emitter voltage in saturation, including the col-
lector spreading resistance and neglecting the emitter resistance, is
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VCE (jsat) = ¢c - ¢e + ICRSC’- (14)

Spreading resistance calculated from solutions of the Laplace equation
by Kennedy® is shown in Figure 9 in a form applicable to a range of
geometrical parameters. The curve shows normalized spreading re-
sistance as a function of the height and radius of the cylinder for
values of the ratio of emitter radius to cylinder radius.
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Fig. 8—Low current V¢z as a function of hrg for various values of
hrm for Ia/IB = 10.

Base-to-Emitter Voltage, V

The base-to-emitter voltage Vi, essentially consists of two terms,
one term resulting from the base resistance and the other term derived
from the emitter-diode equation in which injection from the collector
is included. Ebers and Moll'? have shown that the latter voltage is
given by Equation (11).

The saturation current of the emitter junction at zero collector
current, I, is proportional to the emitter area. At low current
densities, the saturation current in silicon junctions is generated in
the space-charge layers, and the value of y in Equation (11) is 2. At
higher current densities, the saturation current originates mainly in

13 D. P. Kennedy, “Spreading Resistance in Cylindrical Semiconductor
Devices,” Jour. Appl. Phys., Vol. 31, p. 1490, Aug. 1960.
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the bulk and y reduces to unity. At still higher current densities y
again has a value of 2.
In an emitter-base circuit,

Vg = ¢o -+ Ipry (15)

where r,, = (Rg/27) In (R{/R,), and Ry is the base sheet resistance
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Fig. 9—Normalized collector spreading resistance Rsc as a function of the
height and radius of the cylinder for various values of the ratio of emitter
radius to the cylinder radius. (After Kennedy.1?)

in ohms per square, R, is the base contact radius and E, is the emitter
radius. The resistance under the emitter can be neglected because of
conductivity modulation effects. Figure 10 shows r, as a function of
R,/R,, with Ry as the plotted parameter.

Figure 11 shows ¢, as a function of Iy, measured for a transistor
having an emitter area of 7.8 X 10—% square centimeter. There is
reasonable agreement at low current; the deviation at high current
levels may be attributed to underestimating the value of the Ipr;.
term and the o,J; term at high current density.
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Emitter-to-Collector Breakdown Voltage, Vg,

In a transistor structure, multiplicative processes are important
in the analysis of the minority-carrier base current collected at the
collector junction. The common-base current gain of a transistor,
with the base open, as a function of the applied voltage Ver and the

100

09
ok /
C }Re R,
I
i BASE CONTACT |1

EMITTER CONTACT

T 1 1 171

rb' jOHMS

1 " i " 1

1 °5 2 g, 25 3

Fig. 10—y 2s a funection of the ratio of the distance from the edge of the
base contact to the emitter edge with the base sheet resistance as the plotted
parameter.

bulk breakdown voltage Vo of the collector-base junction is expressed
as follows:

a

a(V) = . (16)
( Ver >"
1—
Vero

From Equation (16), the collector-to-emitter voltage Vego at which

14 J. J. Ebers and S. L. Miller, “Design of Alloyed Junction Germanium
Transistors for High Speed Switching,” Bell Sys. Tech. Jour., Vol. 34, p.
893, July 1955.
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« (V) becomes unity is given approximately by

VCBO

_ amn
(hpp) /"

Vero =
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Fig. 11—¢, as a function of emitter current with the emitter area
as the plotted parameter.

The sustained collector-to-emitter voltage is determined by the
collector breakdown voltage, the current gain, and the value of n for
the particular junction. For n-p-n silicon transistors, the value of =
is!s between 3 and 4. Figure 12 shows the collector-to-emitter voltage
as a function of the common-emitter current gain and the avalanche-
breakdown voltage for a 2N1708 transistor. The value of = is in
reasonable agreement with Miller’s data.!* The data show that, for
typical values of current gain, the Vego will be about 40 per cent of
the collector-to-base breakdown voltage.

15§, L. Miller, “Ionization Rate for Holes and Electrons in Silicon,”
Phys. Rev., Vol. 105, p. 1246, Feb. 1957.
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Common-Emitter Current Gain, hyg

It has been shown416 that gain is a function of four parameters:

(1) The emitter efficiency v, which is the ratio between the emitter
current carried by minority carriers from the emitter to the
base region and the minority-carrier current flowing from
the base into the emitter.

o SLOPE 77

O EXPERIMENTAL DATA 2N1708
MILLER'S DATA

Rl
0.01 1 0.0
heg

Fig. 12—The collector to emitter voltage Vego of a silicon n-p-n transistor
as a function of the common emitter current gain and the avalanche break-
down voltage.

(2) The base transport factor 8, which is the fraction of minority
carriers which diffuse across the base and reach the collector.

(8) The collector efficiency «*, which is assumed to be unity in
this analysis.

(4) M, which is the voltage-dependent current-multiplication
factor.

The total common-base current gain a is the product of all four
parameters. The common-emitter current gain, A, is /(1 —a).t
The emitter efficiency is determined by the ratio of the doping in

16 W. Shockley, M. Sparks and G. K. Teal, “P-N Junection Transistors,”
Phys. Rev., Vol. 83, p. 151, July 1951.

T The full expression of the common-emitter current gain was derived
by W. M. Webster, “On the Variation of Junction-Transistor Current
Amplification Factor with Emitter Current,” Proc. I.R.E., p. 914, June 1954.
The effect of surface recombination and base modulation which occurs at
high current injection levels was neglected in the present simplified analysis.
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the emitter (within a diffusion length L, of the emitter junction) to
the net doping in the base. For a double-diffused n-p-n gilicon tran-
sistor having an emitter surface concentration Cj, base-surface con-
centration, C,, and a background doping Cj, the emitter efficiency can
be calculated!” as follows.

If M =1 and B =1, then

hpp(max) = =)
1—v

: x z D,
l: C, erfc ———— — Cy erfe ——— 4 C3 | d= . (18)
2/D,t, 2/D,t, D,B
L'

The total net number of acceptors under the emitter, B, is assumed to
be 2 X 102 atoms per cm?2, the number required to prevent electrical
reach-through at 25 volts; D, and D, are the diffusion coefficients for
electrons and holes, respectively; 2, and z, are the emitter and collector
junction penetrations, respectively; L, is the diffusion length of holes
in the emitter; and \/I)-_ltu1 is the diffusion length of emitter diffusants
and \/D.t, is the diffusion length of base diffusants.

Figure 13 shows y/ (1 — y) as a function of the diffusion length in
the emitter, L,; three values of collector penetration are plotted as
parameters. As the collector penetration is increased, the diffusion
length in the emitter must be increased to maintain high emitter effi-
ciency. At very high frequencies, the emitter efficiency is limited by
the reduction of the effective diffusion length of the minority carriers.!®

In many cases, the current gain of a transistor is limited by the
transport factor. If the effect of the transport factor alone is con-
sidered, the following expression may be written for hpgp (max):

B 2D, 1

hpp (max) = (19)

1—8  w?
where w is the base width. According to Fletcher,” a radial voltage

17 H. 8. Velorie, C. Fuselier and D. Rauscher, “Base-Layer Design for
High-Frequency Transistors,” RCA Review, p. 112, March 1962.

s H. L. Armstrong, “On Calculating the Current Gain of Junction
Transistors with Arbitrary Doping Distributions,” IRE Trans. Electronic
Devices, Vol. ED-6, p. 1, Jan. 1959.

19 N. H. Fletcher, “Self-bias Cut-off Effect in Power Transistors,” Proc.
LR.E., Vol. 43, p. 1669, Nov. 1955.
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drop resulting from the flow of the base current causes current emis-
sion at the edge of the emitter rather than at its center. High current
density at the emitter edge causes conductivity modulation, even at
low emitter currents. This fringing effect swamps out any built-in
field originally present in the base region. Therefore, the effect of
the built-in field has been neglected here. Double-diffused structures

3

B =2X 10" aloms /2
Cp=1018
Xp=175 1 V

[/ E—

Co=1018 |
Xp=275 )

MAXIMUM CURRENT GAIN [hie) —7F
T | i !
|
|
T~

2

|
|
!
|
|
05

/ 1
| I

|.‘25 |.'5 s

!

— L
LIFFUSION LENGIH OF HOLES IN EMITTER~microns

Fig. 13—/ (1 — v) for a double-diffused n-p-n transistor as a function_of
the diffusion length in the emitter with three values of collector penetration
as the plotted parameter.

have both a retarding and an accelerating field which tend to cancel
each other.
Figure 14 shows the transport-limited current gain 8/(1 —8) as
a function of base width, with the lifetime in the base as the plotted
parameter. If the base width is of the order of 1 micron, the lifetime
must be in the order of 10—8 second for reasonable values of Zpg.
The current multiplication term M is an empirical expression!?

defined as follows:

1
M=

Ven \®
1—
Vero
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Electrical Reach-Through Voltage

If the impurity distributions in the base and collector regions are
known, solutions of Poisson’s equation determine the space-charge
penetration as a function of the applied voltage. Solutions were ob-
tained for several impurity'” distributions. The error-function com-
plement distribution is described by

x x
IN, —N,| =C erfc——————0C, erfc —— 4 C,;.  (20)
Dn= 15 ¢m?
~ 5eC
€ | ]
S
1 = — —
- S 4 T
S N 5
@ ? A ~ ;l’\: 10 X10-'sec.
I T \
= M ~ S~
= ~ L \\\\ 52)(10-8 = 1\ \
z ~ . SNl
g \\\ ~a . ‘\\\ T~y -
z ~ TNl 260108 T~ ‘ h
= 3 N .
= N S, ~5
z ke N 2
3100 (= Ny = SN B S
= SR R >~ b
E ~. \\\ \.‘\\ |
ER N N . i
= N . AN [ SR
N ~o_ 0esx1078 ] \
N e ~]
\\\.. \\\\ \\\~\|
~1 BN >~
\\o.ssxwo ol
o | 1k T
06 08 10 12 14 16 18 20

"BASE WIDTH W—microns

Fig. 14—B/ (1 — B) as a function of base width with the lifetime in the base
as the plotted parameter.

Equation (20) can be simplified to the case of a single-diffused
junction in material of constant impurity doping if the contribution
of the emitter diffusion is neglected.* With several approximations,
and by selecting specific values for the impurity distribution param-
eters Cy, Cs, C5, and @, it is possible to integrate Equation (20) and
relate the impurity parameters to the reach-through voltage. If C; is
fixed at 2 X 1020, C; at 2 X 1016, and z, — 2, = w = 7.5 X 10—° centi-
meter, the reach-through voltage can be plotted as a function of #, for
two values of base surface concentration C, = 5 X 108 and C, =
5 X 101,
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The total number of uncompensated impurities between z, and .,
is evaluated by integrating Equation (20). The space-charge layer
sweeps out an equal number of impurities in the collector region, and
the reach-through voltage can be computed from the spread of the
space-charge layer into the collector region.

103

OUTDIFFUSED N =10!9

———Ertc, Cz=10"®

....... Erfc, C2=5X 1018

W =075
T

C3 2X10
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175 275 375
COLLECTOR PENETRATION — microns

Fig. 15—Reach-through voltage as a function of collector penetration for
a silicon transistor having a base width of 7.5 X 10—5 em, with two values
of surface concentration as the plotted parameter.

Figure 15 shows the reach-through voltage as a function of col-
lector penetration for a silicon device having a fixed base width of
7.5 X 10—° centimeter; two values of surface concentration are plotted
as the parameters. Because the reach-through voltage depends upon
the doping under the emitter, it is insensitive to the surface concen-
tration, but sensitive to collector penetration. For a reach-through
voltage in excess of 25 volts, the total number of net impurities under
the emitter must be in excess of 2 X 1012 atoms per square centimeter.

SWITCHING PARAMETERS

The frequency response of a transistor is determined by calculating
the signal delay between injection of electrons at the emitter and the
signal response at the output circuit. f,, the frequency at which hrg
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is 1, is

1
27727(1

where Z"d is the summation of the four time constants associated with
the various delays in moving the charge from the emitter to the col-
lector circuits. The four delay times are the emitter phase delay =,
the base transit-time delay 7,, the transit time across the collector
space-charge region r,, and the time required to charge the collector

capacitance 7.
kT
Te = Crg (21)
aly

where Iy is the emitter current, and Cpy is the emitter transition
capacitance.

fi=

w2
Ty = ,
2D,
‘X?.'b Xm
Tm =— = ’ (23)
2anx 107

where V., is the maximum drift velocity for electrons.? X,, can be
obtained from the collector spreading resistance, Ry, and junction
capacitance C, (see Figure 4).

7. =Rg0 C¢, (24)
assuming no load resistance.

Turn-On Delay and Rise Time

The charge required to turn a transistor on consists of three parts:
Qp, which goes into the emitter transition region; @, which goes into
the collector transition region; and Qp, which goes into the base
proper. Hence, the total time £,, required to bring the collector cur-
rent to its final value is given by

20 E, J. Ryder, “Mobility of Holes and Electrons in High Electric
Fields,” Phys. Rev., Vol. 90, p. 766, June 1953.
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Qp+ Q¢+ Q3
by =—"—— (25)
Ip

where I,; is the turn-on base current.

For the double-diffused transistor, it can be shown by integrating
the junction capacitances between the on and off voltages that @, and
Q¢ may be approximated by

Qp=23.68 X 10~ a, A, ([Vyg (off) + V12— (V,)/3),  (26)

Q¢ =238.68 X 10—, A, ([Voe+ Vip (off) + V,]2/3
- [Vo(] ain Vi]2/3) s (27)

where V; is the built-in junction potential; @, and a, are the doping
density gradients at the emitter and collector junctions, respectively;
A, and A, are the emitter and collector junction areas; V., is the
collector bias voltage; and V,(off) is the applied base-to-emitter
voltage.

The delay time t, is defined as the time required for the collector
current to reach 10 per cent of its final value. This time is approxi-
mately

Qs + Qo
fpm 0 (28)

Ip;

This expression neglects the fraction of the delay time determined by
the transit time of minority carriers through the base. This addi-
tional time, approximately equal to one tenth of the rise time, is
generally small compared to the time required to charge the junction
capacitances.

The additional time required to introduce Qp, which increases the
collector current to 909, of its final value, is defined as the rise time.
P. E. Kolk® has derived an expression for the rise time which takes
into consideration the effect of the impurity distribution in the base
layer. Moll and Thomas®* have shown that «, f,, and f, are related as
follows :

fe
K* =

(29)

2L P. E. Kolk, Private Communication.

2 D. E. Thomas and J. L. Moll, “Junction Transistor Short Circuit
Gain and Phase Determination,” Proc. I.R.E., Vol. 46, p. 1177, June 1958.
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Theoretically K* should be 0.82 when no fields are present in the base,
less than 0.82 for built-in aiding fields, and greater than 0.82 for
retarding fields. Equation (29) was derived on the assumption that
no appreciable cutoffs result from collector, base, or emitter resistances
combining with the collector-junction capacitance. This assumption is
not valid for the 2N1708.

However, it has been found experimentally that the measured

values of a, f,, and f, are related by a constant, K” having a value of
about 0.8 (Table II).

Table II—Calculated and Observed Rise Time for Typical 2N1708
and 2N697 Transistors®

2N1708
Measured
t, (nsec)
a hpyp I, = 10 ma Co

fq (3db)  (5v, 10 ma) fe K (1ke) Iy =3ma pf

(5v, 10ma) (1kc)  (5v,10 ma) (calcu- (5v, 10 ma) R, == 220 (1v) Calculated

(measured) (measured) (measured) lated) (measured) ohms (measured) ¢§, (nsec)
485 0.9766 330 0.700 39.0 7.6 3.45 6.05
495 0.9768 355 0.735 38.9 6.0 3.50 5.80
445 0.9710 320 0.746 34.1 7.0 3.20 4.85
420 0.9756 380 0.928 37.8 8.0 3.35 4.50
460 0.9741 380 0.740 35.0 8.0 3.10 4.04
460 0.9778 350 0.782 40.8 8.0 3.45 5.10

2N697

Voo = 10v

I, = 5ma
108 0.9785 90.5 0.860 44.1 28 28.4 29.05
102 0.9794 95.0 0.950 46.1 22 25.8 24.85
105 0.9807 83.0 0.810 49.0 24 27.9 27.70
101.5 0.9821 84.5 0.840 52.8 28 30.2 31.50
106 0.9839 96.5 0.930 59.1 28 28.9 30.50
117 0.9912 101.0 0.870 120.0 22 26.6 25.60
106 0.9864 90.0 0.860 68.7 24 28.7 27.80

98.9 0.9836 88.5 0.910 58.1 28 29.1 30.80

103.5 0.9871 86.5 0.850 73.8 24 28.4 28.10
105 0.9842 84.5 0.820 61.1 28 29.8 29.75

* Data supplied by P. E. Kolk.
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The complete equation relating the rise time t, to pertinent device
and circuit parameters is

(K"—1) (1—a)
1+

oy

K’ +1
hpe K’ [ o, (Rp, + Rgp) Ce aK'f,
t, = - +1 |In

= »  (30)
oy a K’ 091,
1—
h’FE IBI
where w0, =2n f,,
1
fe=
27 Co (Bp + Rge)
fr=Ffo K a,

R; = Load resistance.

Table II compares the measured rise times and the values calculated
from Equation (80). The agreement is very good for the slower de-
vices, and quite good for the very fast ones, considering the difficulties
in making measurements at these speeds because stray circuit capaci-
tances and resistances are appreciable in relation to those of the device
itself.

Minority-Carrier Storage Time

Ebers and Moll'?> have derived an expression for the storage time
of minority carriers in the base, ¢, assuming no storage in the
collector:

oy + of Ipy— I
fy=—— In (31)
oy of (l_aai) (1"—&)
o—————Ip,
@

where oy and o; are the forward and inverse alpha cutoff frequencies
multiplied by 2x. This equation is generally valid for alloyed devices.
For diffused-base transistors, however, the assumption of no collector
storage is no longer valid. In fact, storage times calculated from
Equation (31) yield values considerably smaller than those observed,
because minority-carrier storage occurs mainly in the collector region.

Grinich and Noyce® have calculated the storage time for this type

2 J. Grinich and R. N. Noyce, “Switching Time Calculations for Dif-
fused Base Transistors,” IRE-Wescon Convention Record, 1958.
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of transistor by using the diode-recovery equation of Lax and Neu-
stader®* for the collector-base diode;

g I
erf | =— (32)
T I,+1,

where r is the collector minority-carrier lifetime, I, is the minority-
carrier current flow in the collector body during the recovery phase,
and I, is the minority-carrier current flow in the collector body during
the period of forward conduction.

The various diode currents can be translated into equivalent tran-
sistor currents as follows:

hpp Ipn—Ig

I,= s (83a)
1+ hpg
hpplps—1I¢
= s (83b)
1+ hpp

where I, is the base current during the forward bias, and —I;. is the
current during the recovery period. Hence, Equation (32) may be

rewritten
_—t? hpg Ipy — 1o
erf | —_—= . (34)
T hpg Upy 4+ Igs)

Equation (84) yields fair agreement with measured values of tran-
sistor storage time if the value of r calculated from the diode recovery
time for the collector—base diode is used (Figure 16); the calculated
values are generally optimistic.

For nonepitaxial transistors, the storage time is found to increase
with collector current up to a peak value, and then to decrease again.
This effect has not been noticed in epitaxial transistors. An attempt
has been made to explain this behavior as follows: The voltage
drop due to the base resistance r, is the only significant voltage drop
in an epitaxial transistor because Ryc is small. As a result, the bulk

of the minority carriers which are injected into the collector region

24 B, Lax and S. F. Nzustadtar, “Transient Respcnse of p-n Junction,”
Jour. Appl. Phys., Vol. 25, p. 1148, Sept. 1954.

2 J. K. Iwerson, “Storage Time in Diffused Base Transistors,” Solid
State Device Research Couference, June 1961.

26 J. Stewart, Private Communieation,
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during saturation are injected under the base contact rather than
under the emitter. The storage time of the device is the storage time
of the base—collector diode because the transistor part of the device
(i.e., the part under the emitter) receives only a negligible portion of
the minority carriers injected into the collector region.

The same model predicts the behavior of nonepitaxial transistors in
saturation. Rg. is of the order of #,. At high values of I, and low

40—
n
g Ic= 10ma, Vcc = 3v
o] I8, = 2ma
8 301 :
® | X\ = ©o==c= CALCULATED
‘é OBSERVED
r4
| 20+
@

10—

o ! 1 ] 1 L

Igo—MILLIAMPERES

Fig. 16—Observed and calculated values of storage time using the lifetime
caleulated from ccllector—base diode recovery time.

values of I, the “transistor part” is in saturation because the voltage
drop resulting from Ry is appreciable. For low values of I, and high
values of Ip;, the diode is the important storage factor because the
voltage drop due to 7, is much greater than the drop resulting. from
Rgo. When gold is not used to reduce the lifetime in the collector
region, the diffusion length of the minority carriers can be greater
than the width of the epitaxial layer. The time required for the charge
injected at the collector—base junction to diffuse through the width of
the epitaxial layer is important in determining storage time. This is
the “narrow diode” case previously considered by Kingston.’” Figure
17 shows the storage time parameter T = Dt,/W 2 as a function of
circuit conditions and /i, where W, is the width of the collector
region. From T, the storage time can be determined if the effective

" R. H. Kingston, “Switching Time for Junction Diodes and Junection
Transistors,” Proc. I.R.E., Vol. 42, p. 829, May 1954,
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width of the epitaxial layer is known and it is assumed that the epi-
taxial boundary is a high recombination interface.

COMPARISON OF CALCULATED AND OBSERVED PARAMETERS

The following comparison of observed and calculated device param-
eters, based on the 2N1708, indicates areas of agreement and deviation;
these data are summarized in Table III.

10

Ir _ L+hels, N
It elgrLe

10°
_> _
10 10
I, 10 10

Tig. 17—T = Dt,/W.2 as a function of circuit conditions and hrs for the
case where the diffusion length is much greater than the width of the epi-
taxial region, W.. (After Kingston.??)

Diffused-Junction Breakdown Voltage, Vipo, and Junction Capaci-

tance, Cg

For the calculated gradient, 4 X 1020 em—*%, V¢po from Figure 4
should be 60 volts. The lower observed median value of 55 volts can
be attributed to the inadequacy of the linear-graded approximation
for this shallow diffused junction and to nonuniformity in the crystal.
From Figure 8, at 5 volts and with a gradient of 4 X 1020 em—4, C/A,
is 9 X 103 picofarads per square centimeter, and C¢ is 2.9 picofarads.
The median observed value (excluding case capacitance) is 3 pico-
farads.

Lifetime and Collector-Junction Saturation Current, I¢p,

If gold is diffused into the junction at 1000°C, Figure 5 indicates
that r = 9 X 10—? second and Igpo/ (X,Ac) = 0.2 ampere per cubic



DESIGN CONSIDERATIONS 613

centimeter. If the collector junction reverse bias is 20 volts the value
of X,, from Figure 8 is 2 X 10—* em and I,p, is approximately 18 X
10—9 ampere. However, this value is too high; the median measured
value of I;po for the 2N1708 is 5 X 10—9 ampere, which agrees with the
measured lifetime estimated from the collector—base diode recovery
time of 28 X 10—? second. This higher lifetime, three times that calcu-
lated, may be attributed to annealing of the gold in processing opera-
tions subsequent to the gold diffusion.

Table III—Summary of Calculated and Observed Parameters
for the 2N1708

Calculated Median Observed

Parameter Values Values Test Conditions®
Voso 60 volts 55 volts Icpo = 10—% amp
Co 2.9 pf 3 pf Ves = 5 volts
Ty 20 ohms 30 ohms
Icso 5 X 10—9% amp 13 X 10—9% amp Ver = 20 volts
Vsz 0.75 volt 0.77 volt Ie=10ma, Ir=1ma
Ver(sat) 0.17 volt 0.17 volt Ic=10ma, Iz =1ma
hra 20 30 Verg=1v,Ic: =10 ma
ta 5.5 X 10—9 sec 7 X 10—9 sec Vee=23v,Ic =10 ma,
Isn=2ma
t. 5 X 10—9 sec 8 X 10—9 sec Ie=10ma, I =3
ma, B = 220 ohms
fe 690 mc 330 me Vee =5v,Ic =10 ma,
measured at 100 mc
t, 7 X 10—9 sec 15 % 10—9 sec Io=Ipn=1Ip=10

ma, Vee = 10v

* Conditions at which the transistor is normally specified.

Collector-to-Emitter Voltage, V ,(sat)
Ven=¢o— ¢, + IRy

From Figure 8, when hpy = 30, hyy, = 0.2, and I,/1, = 10, then ¢ —
¢, =0.11 volt. From Figure 9, since R,/R,=0.2 and kh/R,=0.02,
Rsc =6 ohms. If I, =10 milliamperes, V,, = 0.11 + 0.06 = 0.17 volt,
which is the same as the observed value.

Conductivity modulation of the collector region becomes important
in epitaxial and triple-diffused devices if the intrinsic region is smaller
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than the diffusion length of minority carriers in the collector; the
value of Ry, has to be changed accordingly. Because the lifetime in
this device is very low, the diffusion length is generally smaller than
the intrinsic region. At high current densities, however, the effective
diffusion length is increased by the strong field, and conductivity modu-
lation is significant.

Base-to-Emitter Voltage, V
Vpg = ¢o + IpTy-

If I, = 10 milliamperes, and hy; = 0.2, Figure 11 shows that ¢, =
0.71 volt. From Figure 10, for the same geometry, 7, =25 ohms,
which is lower than the measured value of 35 ohms. The higher value
may be attributed to contact resistance and nonuniform emission.
When I./I; =10, I, — 10 milliamperes; the calculated Vpy is 0.74 volt
which is lower than the observed median of 0.77 volt.

Common-Emitter Current Gain, liyy;

For the impurity concentrations used, the calculated electron life-
time in the base is 5 x 10— second. If it is assumed that emitter effi-
ciency is unity, Figure 14 shows that &, should be approximately 20.
The median observed value is 30. This value is consistent with a higher
lifetime than the cne estimated from the gold diffusion temperature.

Frequency at which I, is unity, f:

f: can be estimated from the sum of the delay times in the various
regions of the transistor. The emitter delay time 7, when I is 10
milliamperes and C,, is approximately 12 picofarads, is

kT Crg
T = ——

¢ Ig

= 2.6 X 10—11 gecond.

The base transit time when the base width is 0.75 X 10—* cm and U,
is 15 centimeters square per second (neglecting built-in fields) is
wf..‘
r, =—— = 18.6 X 10— second.
2D,

The delay in the collector depletion region for a space-charge width
of 10—+ ¢m and a limiting high-field electron velocity of 5 X 10% centi-
meters per second is
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X"L
7, =——=1X 10— gsecond.

107
The collector delay time for a collector spreading resistance Rg. of 6
ohms and a collector junction capacitance C,. of 3 picofarads is

7.= Ry, Cp = 1.8 X 1011 second.
Therefore,
Tot+ T+ 1, +7.=24 X 10— gecond

and

fi = 690 megacycles.

This value is higher than the observed value of 330 megacycles.

Turn-On Delay Time, t,

The transistor turn-on delay time is essentially the time required
to charge the emitter and collector capacitances. If V. is 3 volts,
V= 0.7 volt, V. (off) =1 volt, and I,;, = 2 milliamperes,
Qr=38.68X10-1 Aq, [ (1.7)2/3 — (0.7)2/3]
= 7.4 X 10—12 coulomb
Qc=3.68 X 10154 a,[(4.7)2/3 — (3.7)2/3]

= 3.6 X 1012 coulomb.
The delay time ¢, is given approximately by

Qr + Q¢
ty =————=1>5.5 X 10—? second.

Iy
This value is in reasonably good agreement with the observed value
of 7Xx 10—Y second.
Rise Time, t,

See Equation (30) and Table II.

Collector Storage Time, i,

The storage time is assumed to depend on the collector lifetime
and circuit parameters. When Iy, Ip,, and Iy, are 10 milliamperes,
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/‘/ ts hpelp — I
erf = —
T hFE(IBl + 132)

and, therefore,

and hgg is 30,

t, = 0.237.

The calculated lifetime gives an extremely low value, about 2 X 10—9°
second.

When the lifetime estimated from diode recovery time is used
(28 X 109 second),

t, =T X 10—9 second.

This value is lower than the median measured value of 15 X 10— sec-
ond.

CONCLUSION

The parameters not dependent on lifetime can be predicted with
reasonable accuracy. Lifetime is dependent upon methods of quenching
the devices after the introduction of gold; as a result, it is more diffi-
cult to predict. If the lifetime estimated from gold solubility data is
reduced by a factor of 3, the observed saturation current and storage
time are in fair agreement with the estimated values.
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Electrical Engineering from Princeton University in
1961. Since joining RCA Laboratories, he has been
engaged in research in semiconductor plasmas and digi-
tal computer circuitry. He is a member of the Institute
of Radio Engineers, Eta Kappa Nu, and Tau Beta Pi.

R. SHAHBENDER received the B.E.E. degree from Cairo
University, Cairo, Egypt, in 1946, the M.S. degree in
Electrical Engineering from Washington University, St.
Louis, Mo., in 1949, and the Ph.D. degree in Electrical
Engineering from the University of Illinois in 1951.
After completing his undergraduate studies, Dr. Shah-
bender joined the Anglo-Egyptian Oilfields, Ltd. for a
period of two years and did work in geophysical oil ex-
ploration. In 1951 he joined the staff of the Minneapolis-
Honeywell Regulator Co., Brown Instruments Division,
and conducted research in the behavior of nonlinear con-
trol systems. In 1955, Dr. Shahbender joined RCA in Camden, N. J., and
worked in the areas of adaptive systems, nonlinear filters, electron-beam
devices, ultrasonic devices and airborne fire control systems. Dr. Shah-
bender transferred to RCA Laboratories, Princeton, N. J., in 1959 and has
been active in the area of high-speed digital memory systems. He is pres-
ently head of the magnetic memory and devices research group in the
Computer Research Laboratory. Dr. Shahbender is a member of the Insti-
tute of Radio Engineers, the American Institute of Electrical Engineers, the
Franklin Institute, and the Societies of Sigma Xi, and Eta Kappa Nu.
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Harorp S. VELORIC (see RCA REVIEW, Vol. XXIII, No. 1, March 1962, p.
133.)

JosepH L. WALENTINE completed a four year evening
course in machine design in 1939 at the School of Indus-
trial Arts in Trenton, N. J., while serving his apprentice-
ship as a tool and die maker in the ceramic industry.
During the war, Mr. Walentine worked at the experimen-
tal department of the Brewster Aireraft Co., Hatboro,
Pa. He joined the RCA Research Center, Princeton, N. J.,
in 1945. In 1956, he joined International Telemeter
Corp., Los Angeles, California. In 1959, he returned to
RCA Laboratories as a Technical Staff Associate. Mr.
Walentine has been active in developing ferrite fabri-
cation and testing techniques. He is also partially responsible for the
hermetically sealed enclosure used for RCA parametric and tunnel diodes.
Mr. Walentine holds two U. S. patents.
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