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MULTIVIBRATORS

A multivibrator is a device which transitions (vibrates) be-
tween several (multi) fixed output levels. Besides their use for
timing, they are commonly used either for storage or for clock-
ing of data in digital computers using binary numbers where
the number of levels is generally two. There are several types
of multivibrators and several classification achemes. One clas-
sification is (1) triggered or (2) free-running. Another more
frequent classification method uses their stability properties
for which, in the two-level case, there are (1) monostable, (2)
bistable, or (3) astable multivibrators. The bistable multivi-
brator has an output that remains in either of its two stable
states until a trigger occurs, which forces a transition to the
other stable state; consequently, the name flip-flop is fre-
quently aseribed to it. The monostable multivibrator remains
in its one stable state until triggered into its unstable state,
from which it eventually returns, usually after a fixed transi-
tion time, to the stable state; an alternate name of one-shot
is frequently used for it. The astable multivibrator acts as a
nonlinear oscillator as it oscillates periodically between its
two unstable states, often in an asymmetrical manner and
giving different resting times for each state. Most standard
electronic circuits texts contain some material on multivibra-
tors, as, for example, Refs. 1 and 2 as well as Refs. 3 to 6.

GENERIC—BINARY HYSTERESIS MULTIVIBRATOR

A generic form of binary multivibrator is obtained by combin-
ing a nonlinearity that is binary hysteresis with a linear load
line, a single capacitor for dynamics, and a possible trigger
input; the type of multivibrator depends upon the position of
the load line on the hysteresis curve. Such a cireuit is illus-
trated in Fig. 1(a), where all signals are taken as voltages
referenced to ground; the hysteresis is illustrated in Fig. 1(b).
A circuit for the hysteresis is given in Fig. 5, but here we
assume infinite input impedance and zero output impedance.
If at time ¢ we take u(t) to be the multivibrator (trigger) in-
put, ¥{¢) its output, and x(¢) its internal state signal, which is
input to the hysteresis ii(x), we can write
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y= h(x) (2)

in which the constants are the capacitance C, input conduc-
tance g; = 1/r;, and feedback conductance g; = 1/r;. The binary
hysteresis is characterized by

Ylo ileo =X
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¥ =h(x)=

where the constants X;*and X;; are the low and high transi-
tion points of the hysteresis, satisfying X;, < Xy;; Y}, and ¥,
are the two output values of the binary hysteresis. The x-axis
mid-point of the hysteresis is given by
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Figure 1. (a) Generic multivibrator using hysteresis. {b) Binary hys-
teresis. Gives philosephy for all multivibrator types. Hysteresis gen-
erated as per Fig. 7(a).

and is seen to represent an offset of the hysteresis curve along
the x axis, Of similar importance is the hysteresis width given
by

Xyia = Xni = Xjo ®)

By considering Eq. (1) at DC we obtain the (untriggered, that
is, with # = 0) load line for the hysteresis as given by

g
= 1+—')x=Lx
I ( Er

{6)

which defines the slope L = [1 + (gi/gy)], with L > 1. De-
pending upon this slope L the hysteresis mid-point and the
hysteresis width, we have three basic types of intersections of
the load line with the hysteresis as dis¢ussed in the next sec-
tions and shown in Fig. 2(a-c).

Monostable Multivibrator

The monostable multivibrator results from the situation
shown in Fig. 2(a), where in the absence of an input trigger
(that is, z = 0), there is one intersection, at the € point,

Y.,
Xo=F Q)
which is stable. In this case the system remains at the inter-
section point ¥}; until there is an input trigger: thus the mo-

nostable output Yi;. If a positive input trigger impulse is ap-
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Figure 2. (a) Monostable @ point. (b} Triggered eifective load line. (¢) Equivalent circuit for
transient, Xiwa = Uy = Xy. (d) Triggered response. Shows aperation of the monostable multivi-

brator.

plied of peak value U, [u(t) = U8 with &) the unit
impulse], which is larger than needed to move the capacitor
voltage x past the value X; (Ui, = X)) then, as shown in Fig.
2(b), this effectively moves the load line to intersect the x axis
of the hysteresis at the capacitor initial value (which is the
peak trigger voltage value U,y). On removal of the trigger
peak, a transient transition is made from the output ¥;, back
to Yy;. The (minimum) value of this input trigger is seen to be
Jjust X;,. The transient return is governed by a time constant
determined by C and the Thevenin's equivalent resistor seen
by C, that is, with time constant

c

_— (8)
&; +&¢

cnst =

f
The trapsition time will be t!he time to go from the maximum
value of x, as determined by the trigger, to X, with this time
constant. An equivalent circuit for determination of this tran-
sition time is shown in Fig. 2(c), in which it is seen that x

heads toward the low asymptotic value

8¢
g+

Xanym-ln = Yin (9)

as determined from the voltage division of Y}, between r; and
ri- Consequently, assuming that the trigger impulse is applied
at ¢t = 0, the state for this transition is given as a first order

response by
t
) (10}

tcnst

() = anym—to + [Utrig - anym—lo] exp ( -

From Eq. (10) the transition time is found, by setting
X(tyans) = X, to be

X -X
bieans = ~tenst X In ( lo }Esym—lo ) (11)
trig =~ asym=Io
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where we naturally assume that the asymptotic value is
smaller than the jump point value, X,, 1, < X,,, so that the
transition point X); can actually be reached. The output¥ at
this transition time jumps back to Y. A typical response of
this monostable multivibrator to an impulse trigger is ghown
in Fig. 2(d).

In this case, as illustrated by Fig. 2(a), the gutput remains
at the high level ¥), until a positive input trigger occurs, at
which time the output immediately falls to the low level Y,
where it remains until the signal of the state x falls below
X, as determined by the time constant. A similar situation
clearly holds if the load line intersects just the lower branch
of the hysteresis curve; but here the transition occurs with a
negative impulse input trigger rather than a positive one, and
the asymptotic value heads toward the positive value of

8 (12)
8 +8¢

anym-hi =Yy
Equation (11) remains valid when this asymptotic value is
used. In either case, since only one output pulse occurs per
input trigger, the monostable multivibrator is often called a
one-ghot.

Bistable Multivibrator

In the case where the load line intersects both the upper and
lower branches of the hysteresis, as shown in Fig. 3, then a
bistable multivibrator results, since both intersection points
serve as stable rest points. As in the monostable case, an im-
pulse trigger input of sufficiently large amplitude to shift the
load line off of one of the hysteresis branches will transition
the system to the other stable point. The time constant will
again be C/{g; + g;), and the system will remain in the state
to which it transitioned until another appropriate input trig-
ger makes it transition again. The equations governing the
transitions are essentially those developed for the monostable
multivibrator with substitutions of the appropriate levels.

Astable Multivibrator

Figure 4 illustrates the astable situation in which the load
line intersects the jump lines of the hysteresis. As these inter-
sections are unstable, the system will not rest at either “inter-
section” but will transition between them with no input re-
quired to cause the transition. Again the transitions are
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Figure 3. Load line on hysteresis for bistable multivibrator oper-
ation.
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Figure 4. Load line on hysteresis for astable multivibrator oper-
ation.

governed by the time constant C/(g, + g;), which generally
leads to symmetrical output pulses.

To obtain equations for the transition times and the pe-
riod, we begin by assuming that the multivibrator has just
switched from one to the other of its two output levels, taken
here for convenience to be from Yy, to Y. At that time, nor-
malized to ¢ = 0, we again have the equivalent circuit of Fig.
2(c), except that now the initial condition on C is given by x
at the switching point, this being X;. Consequently, the ca-
pacitor value heads toward a low value with the mentioned
time constant, stopping when x reaches X, at which time an-
other transition (from low to high) is initiated. Substitution
of the correct initial condition and asymptotic value in Eg.
(11) gives the time for transition frem the high to the low
output, ty_(, as

Xlu - anym-ln
thicto = —fenst X In ( XX, . Fa— (13)

By changing hi to lo and vice versa, this formula serves to
give the transition time from lo to hi as

Xhi _an =hi
boohi = —teost X In (}?iL;TM)

asym~-hi

(14)

Consequently the period of oscillation of this astable multivi-
brator is given by

tper = bjyopi T thicia (15)

Note that in the symmetric case where X, = ~X, and Y}, =
—~Yy we have &,y = fy.1,, in which case the period is given by

Er
=X..+Y..
_ C hi hlgi +g¢
Lper-sym = 2g e x In E (16)
Bt Xpi +Yhi
& t&

Should asymmetrical output pulses be desired, then a differ-
ent time constant can be obtained for the rise as compared to
the fall by replacing r; or r; by a parallel combination of two
resistors in series with inverted diodes, as shown in Fig. 5(a-
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Figure 5. (a) Replacement of r, or r; for asymmetrical output. ()]
Piecewise linear load line using ri or ry replacement. Resistor diode
circuit for generation of nonsymmetrical outputs.

b). In fact one of the diodes can be omitted, depending upon
which of the two slopes is the biggest. An alternate means of
obtaining asymmetry is via hysteresis asymmetry, which will
show up inside the logarithmic terms of Eqa. (13) and {(14).

Trigger Generation

Since an impulse trigger is desired for triggering the mono-
stable and bistable multivibrators, the standard way to obtain
it is by differentiation of a step pulse. Figure 6 shows a typical
means of generating a trigger impulse from a step pulse of
amplitude V,. Here the terminals a and b are those of the
trigger input u in Fig. 1(a). However, one could alternatively
apply the terminals a and b through a diode directly to the
multivibrator capacitor (and replace u by a short) to better
insure the direct application of desired initial values. This
method is most useful in the monostable case, while in the
bistable case one would need to switch between two differ-
ently directed diodes.

Hysteresis Generation

Figure 7(a) shows an op-amp circuit that generates the binary
hysteresis—in essence this is a Schmitt trigger. In Fig. 7(b)
we illustrate the means of calculating the hysteresis with the
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Figure 6. Dift%rentiation cirenit for impulse trigger.
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Figure 7. {a) Hysteresis generation circuit using an op-amp. (b)
Loading for the generic multivibrator. The op-amp characteristic
moves with x to intersect the fixed load line. {¢) Resulting hysteresis.

hysteresis curve shown in Fig. 7(c). For Fig. T(b) we describe
the op-amp as & function of v,, the positive op-amp input ter-
minal veltage with respect to ground, with x as a parameter
by

ywe) =V x vy —x) +4 Vg % 1{x = vy) an
where 1(-) is the unit step function and Vy and V,, are the
upper and lower power supply voltages. The resistor pertion

of Fig. 7 acts as a load line on the op-amp characteristic and
is described by

y@y) = (1+a, —aVy,, (18)
a= Ehi (19)
iy
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As seen in Fig. 7(b), when we increase x the ep-amp jump
moves to the right and eventually the intersection of the two
curves remains at V,,, while as we decrease x the op-amp
jump moves to the left and eventually the intersection is at
Vs For intermediate values of x there are two intersections.
The second one starts, as seen by moving the op-amp curve
left, at v, = x, where y = V, for both curves. This gives the
geometry of Fig. 7(b}

Xhi = Vdd:‘::binu (20)
and the value for moving right starts at
X, = % 21)

These two values give the hysteresis jump values as indicated
on the hysteresis curve of Fig. 7(c} to jump between the hys-
teresis values of Vy, and V,,.

In summary, the Schmitt trigger circuit of Fig. 7(a) gives
the hysteresis needed for the generic multivibrator of Fig.
1(a), with the hysteresis parameters given in terms of the cir-
cuit parameters of Fig. 7 by

V“ + avbinn
l+a

L= Vdd + aVbins
* hi 1 +a
(22)

Yhi=Vdd' Y=V, X,=

Because we have four values (a, Vi, Vi, V..) to set the hys-
teresis and four circuit parameters available, we can obtain
reasonable multivibrators using the circuits developed to
this point.

It should be noted that transistorized versions of the
Schmitt trigger exist and can be used in place of the op-amp
circuit as shown in Fig. 7(a). See Ref, 2, p. 317 for a BJT-
Resistor type Schmitt trigger and Ref. 2, p. 321 for a CMOS
type. However, it is to be pointed out that these lack the
sharpness and flexibility for design of the op-amp Schmitt
trigger. An operational transconductance amplifier (OTA) ver-
sion of the Schmitt trigger can be found in Ref. 7.

LOGIC GATE CIRCUITS

It is also possible to construct multivibrators using digital
gates; in fact this is probably the most frequently used
method. Most books on digital cireuits cover these multivibra-
tors (see, for example, Ref. 8 as well as Ref, 4). Ugsing only
two-input NOR gates, Fig. 8(a) shows a monostable, Fig. 8(b),
an astable, and Fig. 8(c) a bistable multivibrator. Throughout
Fig. 8 the NOR gates, with their inputs tied together, act as
inverters, so that they can be replaced to advantage by invert-
ers. Figure 8(c) is an SR (set-reset) flip-flop with its S and R
inputs made complementary to force the bistable state deter-
minations. Also, throughout Fig. 8, the NOR gates can be re-
placed by NAND gates and similar behavior obtained by us-
ing triggers inverse to those used for the NOR gates.
Although the use of standard gates makes these gate-con-
structed multivibrators attractive, and they work at relatively
high pulse rates, their characteristics are not as sharp as
those obtained from the op-amp Schmitt trigger circuits.

An astable circuit often used for precision clocks and using
crystal control is shown in Fig. 9 (6, p. 930), where the invert-
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Figure 8. NAND realization of (a) monostable multivibrator, (b)
astable multivibrator, and (c) bistable multivibrator.

ers again can be made with NOR or NAND gates. The in-
verter on the right of Fig. 9 is used to square up the signal
generated by the crystal, which acts as a second-order system
to produce sinuscidal oscillations, Setting s = jw in the char-
acteristic equation found from Kirchhoff's laws, we see that
the inverter gains need to be set to —2 to force the real part
of the characteristic equation to zero; this is done by the
choice of equal resistors. From the imaginary part, the square
of the radian frequency of oscillations of such an oscillator is
1/LC, where L and C are the equivalent inductance and ca-
pacitance of the crystal; consequently the period of the output
pulses is 2rVLC. A commonly used inverter comes in a pack-
apge of six and is known as the 741504 (9, p. 779).

THE 555 TIMER

A standard commercial package that can be used to make any
of the multivibrators is the 555 timer, for which a full circuit

Crystal

(I}

WV WV—
R R

Figure 9. Astable multivibrator using crystal pulse repetition rate
control and inverters.

n |



diagram can be found in Ref. 10, pp. 9-33 through 9-38, along
with settings and applications. This is useful for printed cir-
cuit board designs using standard components. Because of its
common use, the 555 timer is treated in most standard elec-
tronic circuits textbooks, such as Ref, 4, pp. 975-979 and Ref.
11, pp. 683-688, 767. It comes in an eight-pin package (or as
the 556 14-pin dual set), these pins being 1 = ground, 2 =
trigger, 3 = output, 4 = reset, 5 = control voltage, 6 = thresh-
old, 7 = discharge and 8 = V, bias. It can set the timing from
microseconds to hours, and can source or sink up to 200 mA
at the output. Depending upon the external circuitry used,
the 555 can serve many functions, including that of a bistable,
monostable, or astable multivibrator with an adjustable duty
cycle. Basically, the 555 is a set-reset flip-flop (a bistable
multivibrator) surrounded by circuitry in the package that
allows it to take on various uses depending upon external cir-
cuitry. Its voltage at the output pin, Q of the SR flip-flop, is
set (to V) when the threshold pin voltage falls below V_/3
and is reset (to ground) when the threshold pin voltage rises
above 2V./8. Thus, by simple control on the threshold pin, a
bistable multivibrator results. By controlling the threshold
voltage with the external circuitry one readily obtains other
behavior. For example, Fig. 10 shows the connections for the
555 as an astable multivibrator. Here the capacitor C charges
from V_./3 to 2V./3 through R;., + Rs.,, and diacharges from
2V../3 to V,./3 through Ry_; at times independent of V.., given
respectively by

Leharge = 0.693(R;_g + Rg_;)C (output ending high) (23)

Ldischarge = 0-693Rg_,C (output ending low) (24)
for a period and frequency of
1 1.44
Tyerios = 0.693(R;_5+2R;_,)C, f= =
period 7-8 6=7 Tpenod (RT—B+2R6—7)C
{25)
and a duty cycle of
Re 7
Duty cycle = R—_—_v--s +2R, (26)
R
9 ﬂ 7-8
GND \_J v,
L 555 .
Trigger  Discharge Rgy
8 Output  Threshold 8 *j_
= = Ve
RS Hpaser Control |2 -
= | Cb-asT

1

Figure 10. 555 Timer connected as an astable multivibrator.
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Using these formulas with the three parameters available it
is quite easy to design the 555 to give any reasonable duty
cycle and oscillation frequency for a square wave going be-
tween ground (low) and V, (high). Data sheets show how to
use it for such applications as frequency division, ramp gener-
ation, pulse width modulation, and pulse position modulation.

THE VAN DER POL OSCILLATOR

A robust astable multivibrator is obtained by using small
damping in the van der Pol oscillator. The robustness results
from the van der Pol oscillator being structurally stable,
which makes it both practically and mathematically impor-
tant. The van der Pol oscillator is described by the second-
order differential equation

&y

d:
di? ’*'5(?2-1)2% +y=10

(27}

where ¢ is a parameter that determines the nature of the re-
laxation oscillation (e small gives close to a sine wave, while
e large gives close to a square wave). Observing Eq. (27) we
see that if y* > 1 then we have positive damping and the
signal decays, while if y* < 1 there is negative damping and
the signal grows; consequently the signal heads toward y* =
1. To set up a means to realize this multivibrater we first
obtain the equivalent state variable description by rewriting
Eq. (27) as

dy
3—2+d2—?+y=d(a;m))+y=° o
fo)=e (%y“ - y) (29)
Then by setting

=y (30)
x2=j—i+f0’)=%+f(xl) (31)

and rewriting (30) and (31), upon using (28), we get
% = ~f(xy) + x5 (32)
e Y (33)

Figure 11(a) shows a circuit realization of these equations us-
ing capacitors to form the derivatives, voltage-controlled cur-
rent sources-——made via transistors as differential pairs (12,
P- 431) to realize the cross coupling, and a nonlinear (voltage-
controlled) resistor to realize f(- ). By changing the time scale
and by multiplying the equations by constants, circuit compo-
nents and waveform frequencies of interest can be obtained.
However, this design is predicated on obtaining the cubic law
nonlinear resistor, which is inconvenient. Fortunately, the
equations are structurally stable and allow for similar results
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Figure 11. (o) A van der Pol oscillator constructed with voltage-controlled eurrent, (b) Op-amp
piecewise linear circuit to approximate cubic law of Eq. (29). (c) Limit cycle construction in state
space. (d} Limit cycle obtained from Matlab runs of Eqs. (32) and (33) with piecewise linear
flx)). (e) Waveforms obtained from Matlab runs. x,(t} is a square wave and x.{¢) is a triangular
wave,




for a piecewise linear function approximation to the cubic. For
this the cubic can be replaced by

ax-b forx<-d

flx)={ —ex for —d<x=<d (34)
ax+bd ford <=z
(a-+c) b (a+c) b
T e a+c + 2 x_a-l-c‘ (i

We can design this piecewise linear current vs voltage law,
i = f(v), via the op-amp circuit of Fig. 11(b), which results in
the parameéters

1 Vaa R,

g=—, b=

o 7

The van der Pol oscillator finally results by inserting the cir-
cuit of Fig. 11b into Fig. 11a.

To see the multivibrator nature of the van der Pol oscilla-
tor, we look at the limit cycle in state space. Figure 11(c)
shows a plot of f{x,) inserted into the state space plane x;—x..
Trajecteries in this state space are determined by Egs. (32}
and (33), for which we find, by simple division

dx;  -x;
dxl - xz - f(xl) (37)
Consequently, the slope of the trajectory at any point is well
determined, and we can construct the trajectory by determin-
ing this slope graphically as follows: Choose a point P of inter-
est and drop a perpendicular to the x, and x; axes; that gives
x; and x, at P, x,P, and x,P. Next drop a perpendicular from
flx,P) to the x; axis, intersecting at @, and draw a line LP@
from P to @. The slope of LPQ is —1/(dx,/dx,) by (37), and by
trigonometry the slope of the line perpendicular to LPQ is the
negative inverse of this, which is dx,/dx,. Connecting nearby
points on this line gives the trajectory. From this construction
we can see that there is one limit cycle toward which all tra-
jectories converge (except the [unstable] one at the origin).
We also easily see that if the slope of the negative conduc-
tance portion is small in magnitude, then the limit cycle is
close to a circle giving sinusoidal-like oscillations. But if the
slope of the negative conductance portion of () is large, then
the oscillations are close to a square wave, as desired for a
multivibrator. Figures 11(d)}-(e) show a typical phase-plane
plot of a limit cycle and waveforms obtained from Matlab
runs,

By using an f(v) which is odd, f(v) = —f(~v), with multiple
negative resistance regions, one can obtain many different
limit eycles and consequently make a multivibrater that has
more than two vibration levels.

TRANSISTORIZED CIRCUITS

Figures 12(a)-(b) show an astable BJT (Bipolar Junction
Transistor) circuit (13, pp. 285-289) along with typical wave-
forms, Noting these waveforms, we see that transitions result
at the end of the first-order exponential rises in the base-
emitter voltages v, and v;. If we take T, to be the time when
ty is high, then T, = R,C, In 2, which iz found by equating
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Figure 12. (a) BJT astable multivibrator. (b) Waveforms for the
astable multivibrator obtained from PSpice runs,

the current in R, at T, of value 2V_/Rs, to its exponentially
decaying value from the previous transition, (2V./R,)
exp(—TW/(RyCy)). For the value T, for which v, remains high,
we similarly find T, = R;C, In 2. Consequently, the périod is
independent of V,, and is given by

Toorioa = T1 + T = 0.7(R,C; + RyCy) (38)
with various duty cycles possible,

Figures 13(a)-(b) show a bistable BJT multivibrator cir-
cuit (2, p. 300) with its node voltages. One of the two stable
states is triggered by a pésitive pulse Vi,;, of amplitude V.., at
the left input, and the other by a similar pulse V,, applied at
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Figure 13. (a) BJT bistable multivibrator. (b) Voltege waveforms for the
(b) bistable multivibrator obtained from PSpice runs.

the right. As can be seen from the waveforms, a pulse at the
right, on the emitter of @, is transmitted through @ to raise
the base voltage of @, which by its increased collector current
causes v, to drop. In turn this drop is fed through @,, lowering
the base-emitter voltage of @, and decreasing the current in
R, to raise v, which is fed back to the hase of §; via @; to
reinforce the lowering of v,. The result of the positive feed-
back is a very sharp rigse. Thus the rigetime is limited only by
the transition delays of the transistors.

Figures 14(a-b) show a BJT monostable multivibrator (13,
pp. 290-292) along with typicalewaveforms. Essentially this
is the multivibrater of Fig. 12(a), with C; replaced by a resis-
tor and a voltage divider, including B; and V,,, to insure that
the base of @, will be biased to bring the transition consis-
tently to the same stable state. As can be verified from the

waveforms, the pulse width is determined by the time con-
stant that determines the rise of v, Since during the pulse
transition, the transistor @, (being saturated) acts as a short
between collector and emitter, the time constant is just R,C,.
Roughly, during the pulse, v, rises from -V, to V., and stops
when it reaches 0 (actually at V. (on) of about 0.7 V). Because
vy(t) = V.. = 2V, exp(=¢/(R,C,) we calculate

T

pulse —widt|

h=RC;In2 (39)

The most frequent means of making multivibrators using
MOS transistors are through the logic circnits shown in the
logic gate circuits section above, where the gates are con-
structed in CMOS form, but others are described in the litera-
ture (14-16).
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Figure 14. (a) BJT monosteble multivibrator. (b) Voltage waveforms
for the monostable multivibrator obtained from PSpice runs.
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MULTIVIBRATORS. See VARIABLE-FREQUENCY OSCIL-
LATORS,

MUSCLE SIGNALS. See ELECTROMYOGRAPHY.

MUSICAL INSTRUMENTS

An electronic musical instrument can be defined as an instru-
ment in which sounds are produced through some form of
electronic generation rather than through the acoustic reso-
nance of a vibrating body. More suecinctly, electronie instru-
ments produce musical sound waves electrically rather than
mechanically.

The introduction of electrically generated sounds, linked
with the application of that technology into the production
and design of musical instruments, created a revolutionary
way of thinking about the very nature of musical instru-
ments. Whereas traditional acoustic instruments relied upon
mechanically vibrating bodies to generate sounds, electronic
instruments rely upon the oscillation of an electrical current
to simulate a musical wave form. Nearly all of the electronic
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