NEGATIVE-RESISTANCE
SWITCHING CIRCUITS

We consider, in this chapter, circuit applications of the negative-
resistance devices introduced in Chap. 12. Certain generalized circuit
properties of negative-resistance devices are described first. We then
establish the principles which allow us to determine the mode of oper-
ation of the circuit: bistable, monostable, or astable. Finally, these
general principles are applied to account for the particular behavior of
circuits employing the negative-resistance devices described in the
preceding chapter.

13-1 THE NEGATIVE-RESISTANCE CHARACTERISTIC!

The devices of interest to us display, between a selected set of
terminals, a volt-ampere characteristic such as is represented, in some-
what generalized form, in either Fig. 13-la or b. In Fig. 13-la,
between 0 and A and to the right of the point B the device has a
positive incremental resistance, whereas between 4 and B the incre-
mental resistance is negative since, as may be noted, an <ncrease in
voltage causes a decrease in current. Similarly, in Fig. 13-1b, the
portion of the characteristic between A and B displays a negative
incremental resistance. For the sake of simplicity, and with no loss
in generality of principle, we have made the characteristics piecewise
linear and have arranged that they pass through the origin. This
feature is in no way essential to the present discussion, although
actually we see in Chap. 12 that all characteristics except that of
the unijunction transistor do indeed pass through the origin. In
addition, the characteristics have the general form shown in Fig. 13-1
without being piecewise linear.

476

BN

Sec. 13-2 NEGATIVE-RESISTANCE SWITCHING CIRCUITS / 477

0 B 0
(@) )

Fig. 13-1 (a) A voltage-controllable negative-resistance characteristic; (b)

a current-controllable negative-resistance characteristic.

We observe in Fig. 13-1a that associated with each voltage there is a
unique current, but the plot does not everywhere associate a unique voltage
with each current. In the plot of Fig. 13-1b the inverse applies. To distin-
guish the one from the other we call the characteristic in Fig. 13-1la voltage-
controllable and in Fig. 13-1b current-controllable. The tunnel diode falls into
the voltage-controllable class, whereas all of the other devices discussed in the
preceding chapter (the UJT, p-n-p-n diode, SCS, thyristor, and avalanche
transistor) have a current-controllable characteristic.

13-2 BASIC CIRCUIT PRINCIPLES

We shall show that a device with a region of negative incremental resistance
may be used to construct a switching circuit. The two classes of negative-
resistance (NRr) devices must be considered separately since the basic circuit
of one type is essentially the dual of the other. We shall consider the current-
controlled Nr device first. The basic circuit is indicated in Fig. 13-2a, where
a source of voltage V and a resistor R are shown connected to an Nr device
with the volt-ampere characteristic of Fig. 13-2b. Shunted across the Nr
device is a capacitor C, which may represent stray capacitance or capacitance
deliberately introduced.

The voltage v across the device is the supply voltage V less the drop
across R. If 7z is the current through R, then

v =V — xR (13-1)

The device current is 7 and the capacitor current is ic. We are interested
in the steady state corresponding to a particular value of supply voltage,
say V = V;. When the currents and voltages in the circuit stop changing,
ic = 0 and ¢z = ¢. Hence, on the same set of coordinate axes on which is
plotted the device characteristic we have drawn the load line corresponding
to Eq. (13-1) with ¢z = 4. This line is plotted in Fig. 13-2b as the solid line



478 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 13-2

ip R i i

— Steady-state
A VAAY _ load line for
ic | _ + V=Y,
| 1 NR \
VT CT device v \
- /
\
B /
(@) )
x\ X X4
LWf————--= L / \
| \ __
0 L \ v
e—vi—)\ V2 V; v
——V,—Ii,R ®)

Fig. 13-2 (a) A circuit involving a current-controllable negative-resistance (NR)
device; (b) the load line corresponding to supply voltage ¥V = V; and resistance R
is superimposed on the NR device characteristic in a manner to yield one stable
equilibrium point at X .

passing through the point v = V,, ¢ = 0, and having a slope —1/R. Under
steady-state conditions, the point of operation of the circuit must lie on the
device characteristic and simultaneously on the load line. Hence, correspond-
ing to the particular supply V; the steady-state current and voltage are ¢; and
v1, respectively, corresponding to point of intersection X; of the load line
and the device characteristic.

Now let there be added to the supply a step of voltage which makes
the new supply voltage V = V,. The new load line is shown dashed, and the
new steady-state operating point will be at X,. A time will elapse before this
new steady-state condition is reached, since the capacitor must change its
voltage. The capacitor charges through an equivalent resistance which is
equal to the parallel combination of R and the (positive) resistance of the
NR device over the region OA. We shall now prove that in response to the
change in supply voltage from V; to V, the operating point of the device
moves from its original position at X, in the direction toward X,. This result
seems obvious enough at the present time, but in establishing the proof, we
shall arrive at a result which will be quite useful in the following discussion.
We have from Fig. 13-2a that

s.mus.au_.s‘anwn_.s. (13-2)
Combining Eq. (13-2) with Eq. (13-1) we find that

re®

Cun = V — (R 4 v) (13-3)
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Now suppose that the Nr device is operating at a particular point Xz where
t=1g and v = vg. Then Vg = igR + vg is the supply voltage which would
make operation at ¢z and vg an equilibrium point. Suppose, however, that
the supply voltage is not Vy but is instead Vs. Then Eq. (13-3) may be
written

dv

RO |

=Vs— Vg (13-4)
Expressing Eq. (13-4) in words, we have the following theorem: If the device
1s operating at X g, which would be an equilibrium point if the supply voltage were
Vg, but if in reality V. = Vg, then dv/dt vs positive if Vs > V. Alternatively,
if Vs < Vg then dv/dt is negative. Applying this result to Fig. 13-2b we note
that when the supply voltage is abruptly increased to V, (= V), then since
V2> Vi (= Vg), dv/dt is positive and the operating point moves to the right
along the device characteristic in the direction of increasing v.

We may use Eq. (13-4) to prove that a point such as X, in Fig. 13-2b,
corresponding to the intersection of the device characteristic with the load
line passing through X, is a stable operating point. That is, if the circuit is
perturbed in some manner so that the operating point is caused to depart
from X,, it will return to X,. Such a perturbation might be caused by remov-
ing the capacitor, changing the voltage across it, and then replacing it in the
circuit. Suppose that as the result of such a maneuver the operating point is
established momentarily at X = X; in Fig. 13-2. Then Eq. (13-4) with
Vs = V.and Vg = V,indicates dv/dt |x, > 0. Hence there will be an increase
in v which will carry the operating point back to X, Similarly, if X were
located to the right of X,, say at X = X3, then Eq. (13-4) would become, with
Xg replaced by X3, Ve = V;,and Vg = Vo,

dv

wQﬁ .

=V,—V; (13-5)
Since V; < V3, then dv/dt < 0 and v decreases so as to carry the operating
point from X; back to X,. We have thus verified that X, is a stable point
regardless of whether a disturbance momentarily increases or decreases the
voltage across the device.

We shall now apply the above principles to show that the basic circuit
of Fig. 13-2a may be made to function in a monostable, bistable, or astable
mode, depending upon the biasing method.

13-3 MONOSTABLE OPERATION

Consider the situation depicted in Fig. 13-3. The supply voltage is initially
V1, and the steady-state operating point is at X;. A voltage step added to V'
increases the supply voltage to V, carrying the new load line beyond the
critical point A, so that a new steady state will be established at X,. The






















































