Picturing
- Schmitt’s
frigger

Bryan Hart takes én'-in-depth' look

Fig. 1. Preferred shape
of a binary signal, a),
and possible shape, b),
with noise spikes p, q.

~ at a sixty-year-old device that

most designers today take for

granted — the Schmitt trigger.

waveform resembles that of Fig. 1a). The waveform is

‘clean’ When the digital signal vg represents a ‘0, in the
positive logic convention, it has a constant level V7 in the
acceptable ‘0’ range. Similarly, a ‘1’ is represented by a con-
stant level V, in the acceptable ‘1’ band.

Furthermore, transitions between levels are ‘smooth’
Mathematically, the signal is said to increase monotonically
from ‘0 to ‘1° and decrease monotonically from *1” to Y

However, as a result of crosstalk in interconnecting wires
a practical waveform could resemble that shown in Fig. Th).
Notse ‘spikes’ p, q, are shown as occurring after the main
transitions but they could appear during the transitions them-
selves as a result not only of crosstalk but also of ringing on
interconnection paths.

Spikes p and q might jeopardise intended system operation,
s0 how can they be eliminated? The use of a differential volt-
age comparator might seem to be appropriate, so consider
Fig. 2, in which Fig 1b) is repeated for convenience. The
noise-contaminated waveform is applied to the non-inverting
input of the comparator, Cg, in Fig. 2b): Cq is assumed to
have ideal static and dynamic characteristics.

If the comparator reference level Vg, applied to the invert-
ing input, is set at Vy then the output is as shown in Fig. 2¢}
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Vs

I n digital system design the normally preferred shape of a

VoL ——»

Spike g is ignored but p causes two output pulses to appear

- instead of the.single one required.

Similar conditions hold when V= Vy, but in that case p is
ignored not q. For the waveform illustrated , with vp<vy, it
is'not possible to eliminate the effects of both p and q using
a comparator as a straightforward clipper/limiter.

The problem car be solved using a scheme known as a
Schmitt trigger! Long before the advent of modemn digital
electronics, this name was given to a particular comparator
circuit based on a pair of cathode-coupled thermionic tubes

Originally, the Schmitt trigger was designed to produce
abrupt changes in output voltage for slowly varying input
signals. Nowadays the name is used to describe a generic cir-
cuit function, rather than a particular component assembly,
though some form of comparator with a long-tailed pair input
stage is commonly employed in bipolar transistor designs.

The purpose of this article is twofold: to explain some fea-
tures of Schmitt-trigger operation which, though important in
innovative design, are ignored in the general literature; to
show how the Schmitt trigger can be designed to eliminate
the effects of spikes p and q in Fig 1b.

How the trigger works

Whatever the details of the internal circuitry, the Schmitt trig-
ger may be regarded, from a system viewpoint, as a differ-
ential voltage comparator with positive feedback. Figure 3
shows this for the case of inverting-mode operation; the non-
inverting case is mentioned, briefly, later.

Potential differences Vs, €, V; are the d ¢. values of the
signal voltage, differential input voltage and output voltage
respectively.

A three section piecewise-linear approximation to the stat-
ic transfer characteristic, of Cg itself, is shown in Fig. 4 and
a d.c. equivalent circuit for each region of operation is shown
in the box above it.

In Regions 1, 3 corresponding to saturation, the output can
be modelled by the batteries Vgy, Vs, respectively. In
Region 2, the linear or active region, the output is modelled
by a voltage-controlled voltage generator For simplicity the

'
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Fig. 2. Applying vs, in (a), fo ideal differential comparator
Cg in (b) produces (c) when V=V and (d) when Vp=Vy.

input is assumed to impose no Joading effect on the drive cir-
cuit This assumption does not affect the general conclusions
that are reached regarding system operation.

With the help of Fig 3, it can be determined that,

V, = +BY, )
where,
i
= 2
B R+E (2)
Rearranging eqn I,
e V
V,=-—+-2% (3)
° B B

When plotted on the transfer characteristic, eqn 3 represents
4 straight line, with a slope —1/(, that passes through the axis
point € =V [ will call this the operating line.

See what happens for various values of Vg Line ‘a’, in Fig.
5, shows conditions for an arbitrarily large negative value,
Vi, of V. The line cuts the transfer characteristic at a single
point P, where Vp=Vg. Following a small momentary
change in €, owing to circuit noise, the operating point
returns to Py so this is a stable position of equiliboum

Line ‘0", for Vg (>Vs1), cuts the transfer characteristic at
three points The stable operating point is Py, where Vp is
still equal to V. The other two intersections do not yet rep-
resent possible operating points because the comparator can
exist in only one of its three regions at a given time Uniil Vg
is sufficiently positive for Cq to operate in Region 2, that is
presently in Region 1.

For Ve=Vi (>Vg) the operating line meets the transfer
characteristic af two points P3, P'3. At Py, line *¢” is tangen-
tial to the transfer characteristic at one edge of Region 2 and
Cp behaves as a linear amplifier with positive feedback.

A momentary positive change in €, once again due to cir-
cuit noise, now causes a regenerative switching action to
occur as Region 2 is traversed This action ceases when Vo
teaches a limit and the circuit settles down into a stable state,
at P'3 in Region 3 What happens in the switching process
will be discussed latet.

The words used to describe Vs are ‘upper trip’ {or, frigger)

Vo
Vg Vgz Vs =Vyr,
Yy ——r—————
0

Vg o——
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d.c. models, A v,

Fig. 6. Transfer
characteristic of Fig. 3,

slope = ={1 /B)

Fig. 5. Lines ‘a’, ‘b, ‘¢’ refer, respectively, fo aperation with

Y

for Vs increasing, derived
from Fig. 5.

Vo V=V, Va2 (5Vs1), Vsal(>Via): =R/ (Ry+R3).
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level’, and the letter subscripis UTL are used: thus,

Vss=Vyrr.

| Substituting,

= n

P
i in eqn 3 and rearranging gives,

: v,

Viy = Vi = ==+ (BViy ) @)
i o

For the normal case f>>(1/40),

Vurr=BVir (3
H Derived from Fig. 5, Figure 6 shows an apparent static plot

L . ] ) ) ) ' of Vi versus Vi The arrow direction indicates increasing Vs,

P Fig. 7. Lines ‘d’, ‘e, ‘f', refer respectively to operation with V5=V, Vs(<Vsy), and, if the input voltage is changing, increasing time, 7.

Vss(<Vss). In Fig. 7, which should be compared with Fig. 5, lines “d’,
‘e’ and ‘f” show what happens when Vy decreases from a
value Vg (>Vg3). The output remains at -V, till V=Vis;

T Vo then, ‘e’ is tangential to the transfer characteristic at point Ps
on the other edge of Region 2.

A tiny change in £ T due to circuit noise, is sufficient to ini-
tiate a regenerative switching action which ends when the
point P’5 in Region 1 is reached . Figure 8 is derived from
Fig. 7 in the same way that Fig. 6 is derived from Fig. 5. The

—» Vg arrow direction indicates successively decreasing values of
s Vg. If the input voltage is continually changing, this also cor-
responds to increasing .

Voltage Vss is designated lower trip (or trigger) level” and
from reasoning similar to that which produced eqn 5,

*— -V,
Vg L Vis =V = _ﬁVu (©)

Vee -
&

Ves=VimL

. L . . . ) Figure 9, a composite plot of Fig. 6 and Fig, &, is the appar-

Fig. 8. Transfer characteristic of Fig. 3 for V; decreasing, derived from Fig. 7. ent static transfer characteristic of the system The horizon-

tal tine sections for Vs<Vzzy and V>V should be shown

v coincident, but one is slightly displaced with respect to the

T o other on this particular diagram to clarify the confusion that

Vir————————— > » can arise when oppositely directed arrows are shown adja-
cent on the same line section

The system exhibits ‘memory’, characterised by a hys-

Hysteresis N
+—— voltage AV, —* teresis, ot deadband, voltage AVy,
5 — Vg AV, :(Vun _Vu‘z)zﬁ(Vm +Vu.) D
A Instead of the graphical procedure that led to Fig 9, you can
| v obtain a plot of Vp versus Vg as follows.
3 At any point Vg=V's, V=V, in Region 2, where,
« P _VL e=— Lc;
A,
Equation 1 can be rewritten as,
Fig. 9. The hysteresis characteristic is a composite plot of Figs 6, 8: the horizontal ., v § &
sections for Vs<Vyq and Y>Vyy are shown slightly separated for clarity. Vi=- A + (JBVa)
L'

Figure 10 shows a plot of the transfer characteristic, on
which is constructed a line, with slope 1/8, which passes
through the origin. This line characterises the affect of feed-
back At Vy=V'y;, V's is obtained by the algebraic addition of
the horizontal line sections $; and S, that represent the two
terrns on the right-hand side of Fig. 8. Thus, point P’ on the
overall system characteristic corresponds to P on the transfer
characteristic and the locus of points such as P’ is the Z-
shaped characteristic shown bold

The central section is a straight line of slope A’.

A= _AO (9)
1-A,B8

This equation follows from. a rearrangement of eqn 8, or

from the standard relationship for an amplifier with feed-

Fig. 10. Static transfer characteristic for Fig. 3 Is shown bold. Line sections 5,, 5, back?: for f>( LAg), A'=1/B. Ttnow seems that two differ-
refer to terms in eqn 8. ent graphs describe the voltage transfer relationship for the
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Schmitt trigger Which one is correct?

Figure 10 relates to a d ¢ model, only, of the system ie,
the existence of energy storage elements is ignored. Hence,
the effect of the regenerative action at Vi=V 7y and V=V 7y
is not evident.

Figure 9, with the horizontal sections lying outside the hys-

teresis loop shown coincident, indicates the actual form of

the trace observed in a practical sweep test designed to show
VoY) versus Vs(X), using a pen recorder or oscilloscope.

Incidentally, following on from Fig. 10, a three-dimen-
sional plot of Vy (Y-axis) versus Vg (X) and B (Z) produces
a folded surface similar to that encountered in elementary
Chaos theory.

Some analogues in other areas of engineering science offer
useful insight into the phenomenon of hysteresis. These are
touched on next.

Analogues of hysteresis

The BH curve of a ferromagnetic material provides a famil-
iar example of hysteresis. In that case it can be atiributed to
the ‘remembered’ angular orientation of domain magnetic
moments.

An equivalentt of hysteresis is the “backlash’ encountered in
mechanical transmission systems, particularly those involv-
ing worn gear wheels, when the input drive is reversed.
However, a more illuminating mechanical analogue is a see-
saw with a sliding load.

Consider Fig. 11: this is a plan view of a light, rigid, beam
piveted in the middle. A smooth metal rod is attached to the
side of the beam, like a curtain rail fixed to the wall above a
window, A circular metal weight, i, stmilar to those used by
weight-lifters, can slide freely along the rod between the end-
stops situated at a distance L to the left of the pivot and I to
the right.

Figure 12 is a side view of this see-saw scheme. A person,
n-times heavier than weight m, walks from one end, G,
towards the pivot, J, which is a height & above ground level.
At this time the other end, K, is 2k above ground level.

When the person reaches a point L /n to the right of J, the
beam starts to tip down on that side. This follows from the
Principle of Moments As it does so, m slides towards J, fur-
ther aiding the motion of K towards the ground

As the person walks back, Fig. 13, K does not move
upward until he reaches a point Ly/n to the left of I A *trans-
fex characteristic’ for the mechanical operation is shown in
Fig. 14: in this particular drawing, n=2.

Switching and stability
Referting back to Figs 5, 7 it is necessary to use a dynamic
model of Cp to understand Schmitt-trigger behaviour on
reaching points Py, Ps. The simplest model, but one which
highlights the main features of operation, is that shown with-
in the broken-line triangular outline in Fig. 15.

The use of lower case letters indicates that voltage changes
are being considered. Components R and C define a single-
pole frequency response in Region 2. Thus,

’ _Ao
A=—0 (10
1+ j—
C
or,
=4
Al=——0
L+ jor, (11)_
where,
1 i
@, = —=—-
(4 7, CR (12)

The input is shown connected to signal-earth because the
switching process is governed by the parameters of the feed-

AMALOGUE DESIGN
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Fig. 11. Plan view of a see-saw, with weight m at an end-stop
on a side rail,

i R
Fig. 12 . Side view of sec-saw, with person starting to walk from G to K.

: e
Fig. 13. The person starts to walk back from K to G.
a Heightof K

above ground
> - 2h

A
Y

Fig. 14. ‘Transfer
characteristic’ for
Figs 12, 13 when

2+ persen is nn times

v heavier than m. (As
shown, n=2).

Position of person
from pivot

0 - < » <

+L'1l'n

Fig. 15. Dynamic
o model of Schmitt
trigger when Co
operates in Region 2.
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December 1999 ELECTRONICS WORLD

1043



ANALOGUE DESIGN

back loop, not the input signal.
The charging current. i, for C is given by,

Y

i= %:(Aoﬁ——l)xf—' (13)
or,

Do _(a,8-1)22

de (4.8 I)r (i4)

C

Equation 14 follows from 13 by using eqn 12 and the fact
that vp=v,,
A general solution of eqn 14 is of the form,

v, o< exp(A B — l)f (15)

AVO

¥

Fig. 16, Py, O and P, are three
theoretical operating points
for Fig. 3 with Vs=0 at initial
switch-on. Point O is unstable.

Fig 17 (a) and
(h) are
mechanical
analogues for
stable and
unstable
equilibrium,
respectively.

Fig. 18, A non-
inverting Schmitt
trigger, (aj,

its transfer
characteristic, (b),
and its preferred,
unambiguous,
symbel, (c).

_VLL
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Eggshell
{(a) (B
R, R, (@)
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+
C o
Vi ="V R Vo
R, < > Vi
(b) A
0 Vs
\ 4
Vi < - Viae=Vu Ry
L &

Schmitt trigger

Provided the loop-gain factor AgP exceeds vnity, as is the
case here, this equation describes an exponential growth once
Region 2 is reached. In fact, eqn 15 is characteristic of the
switch-over process not only in bistables but also monosta-
bles and astables

Switch-over time g is proportional to the time constant
T A AP—1). but AVyecB so rg and AV are inversely relat-
ed It is not possible to have, simultaneously, zero hysteresis
and regenerative switching — a fact overlooked by some
authors

The condition Apf>>1 implies Ag>>1/B A graphical
interpretation of this is that the fastest switching is obtained
with the greatest angle between the slope of the operating
line and the slope of the transfer characteristic in Region 2.

For the circuit of Fig. 3, there is a remaining problem to
consider. What happens if Vs=0 when the circuit is initiafly
switched on?

Direct-current conditions are satisfied at point O in Fig. 16
However, this 15 not stable. Referring to eqn 14, if vo>0 then
{dv/df)>0 and operation moves to Py: if, however, v<0,
then (dvy/d#)<0 and operation moves to P, So, following
switch-on, Vg=Vy; or Vo=—Vy;. It is impossible to say
which it will be in advance. This is true at switch-on for any
Vs lying between Vypy and Vyg;.

In practice, eqn 15 is only approximately true because there
is a non-linear relationship between V and € in Region 2,
which leads to daunting mathematics. :

The differing conditions of stability at points Py, P3, in Fig
5, are well-illustrated by the mechanical analogues in Fig.
17. In Fig. 17a), corresponding to Py, a small spherical bead
rests inside the bottom of a half-eggshell. It is a stable posi-
tion of equilibrium because the bead returns to its initial posi-
tion following a small distarbance.

Figure 17h) corresponds to operation at P3. The bead can-
not be stable on top of the inverted eggshell because, even if
it was possible to balance it there initially, it would fall down
the side after a small disturbance

Design considerations

The operation of a Schmitt trigger in the non-inverting mode,
Fig. 18a), is similar to that described for the inverting mode.
Its graphical analysis resembles that associated with Fig. 5.

@D

Fig. 19. (1) A ! Py
current-
comparing

and (b) its
transfer
characteristic.

»
Y
4
<
s
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(b)
Y

{Va = Vi) lym =
R R

I =
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Fig. 20. Diagram (a) shows required location of Vyn, and
Vi1 on comparator switched-reference level vy 1o eliminate
spikes p, g of Fig. 1b) while (b} shows the spike-free output
waveform.

For a given Vs, the operating line, still has a slope —1/§ but
it passes through a point € =—V¢(R;+R)/R; on the hori-
zontal axis rather than e =V

With increasing Vs, the line moves from right to left and
vice versa, Consequently, Vyrz=Vyr(R/R2) and
Vizi=—Vy(R/Ry) and the hysteresis characteristic is
shown in Fig 18b). An unambiguons block schematic rep-
resentation® is shown in Fig. 18c). The hysteresis symbol in
the box is reversed for inverting operation.

The non-inverting scheme does not provide the same
degree of isolation from the driving source as the inverting
configuration. This is because the output resistance, Ry, of
the source must be included with Ry for trip level calcula-
tions. When Ry is very large or poorly defined, a better pro-
cedure is to design for inverting operation and follow with an
inverting buffer stage. ’

Applying a fixed reference potential to the inverting input
of Fig. 18a) has the effect of shifting the hysteresis loop bod-
ily along the horizontal axis as is evident with the current-
coniparing trigger shown in Fig. 19.

Returning now to the problem of logic spike elimination
mentioned at the beginning of this article, the effect of p, q in
Fig 1 can be avoided if the waveforn is applied to an invert-
ing trigger circuit with trip levels located as shown in Fig.
20a): the output is then as shown in Fig 20b).

Tt might be possible to achieve this using a standard mono-
lithic Schmitt trigger such as the TTL 7413, which has Viyy
fixed at 1.9V and V. at 0.9V. When a standard unit is not
applicable a suitable scheme®, a development of Fig. 3, is
shown in Fig. 21 in which vs is the waveform of Fig. 1b)

Resistors Ry, R, are chosen so that,

Vurr-Virr=AVy>{vg-ve).
Current [ is approximately V/Ry. It is supplied by the circuit
within the contour shown and provides a facility for shifting
the hysteresis loop along the axis by a voltage
I(R//R5)=IRy without changing AVg.

The design equations and design procedure are as follows.

Vou>Vyri>vo (16)
or,

V0H>(IRX+[3VHI)>VQ {an
and,

vp=Vrr>Vor a®

ANALOGUE DESIGN

Fig. 21. A practical scheme for

Vo

Vee
eliminating spikes.
Cr
By
TS +
: C
F n e ;
Vi i ‘E
: T\'s
! -
Current generator " 1

IHX B

Vo @

ie.,
vp>(IRx—{ Vi1 )>Vor (19

On a plot of IRy versus B, Fig. 22, condition (17) is satisfied
if the operating point lies between the parallel lines (i), (ii)
and condition (19) is satisfied for operation between parallel
lines (i), (iv)

The cross-haiched area thus defines parameter choices for
satisfactory operation. To allow for tolerances in Ry, R 1,
etc , it is advisable to operate at a point in the centre of the
permitted area. If this area encompasses the P axis it is pos-
sible to design for 7=0.

This procedure only works precisely if Cg has a low output
resistance at both of its output levels, as is the case with the
long-established 710 comparator. The 311 requires an ouiput
pulil-up resistor but, provided this is less than one tenth the
resistance of Ry, the procedure given is still 2 nseful starting
point. '

One further point; the speed-up capacitor Cr, in Fig. 21, is
chosen to make the feedback network a compensated poten-
tiometer so CpR,=CsR;, capacitance Cg being the total
capacitance appearing across Ry

Reversing the roles of the current generator and the feed-
back network in Fig 21 gives the circuit variation in Fig, 23.
The design equations in this case are:

Vor=PBVee + IRx
Vir=BVec

20
21

Fig. 22, Graphical design
technique for Fig. 21.

:| Slope =V
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—0 <

Fig. 23 A circuit
variation of the
technique of Fig. 21.

VgO—

Fig. 24
C,
Alternative ©1

4 Schmitt trigger ViG] e
configuration for
spike elimination: Ve 0—+
Vx, Vy are the
voltage levels
shown in Fig. 2a).

Vyo|

A graphical procedure, similar to that of Fig. 22. is applica-
ble.

The design problems associated with Fig 3 are eased and
the resulting circuit is made more versatile if its two func-
tions, trip-levet definition and bistable-action, are performed
separately as in the scheme of Fig. 24.

The common input signal for the comparators Cg), Cop is
the waveform of Fig 1b) The comparison potentials applied
to them are, respectively, Vy, Vy shownin Fig. 2a).

‘When vg<Vy the bistable is set and remains set til vg>Vy,
when it is reset. This scheme allows free choice of V;yy,
Vyr, and provides both polarities of output It is at the heart
of the popular 555 timer IC

When the device is used as an astable, the hysteresis volt-
age serves to define the voltage swing across a timing capac-
itor connected to the common input to the comparators. W
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® Rack mounting'frequency shifter for howl reduction
in public address and sound reinforcement.
. @ Mono box types and 5Hz fixed shift boards also
available.

-
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* PPM10 In-vision PPM and chart recorder.

% Twin Twin PPM Rack and Box Units.
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