
WORKING WITH 
OP-AMPS 
Part 3 

Op-amps used in a switching mode are 
essentially generators  of square-
waves. Control of repetition frequency, 

pulse length, mark/space ratio and delay 
time are possible. What precisely is con-
trolled depends upon the exact nature of the 
circuit. Thus, astable circuits generate 
continuous square-waves, variable in fre-
quency and mark/space ratio; monostable 
circuits produce pulses of defined length or 
time delays, while bistables may be thought 
of as temporary stores of binary data. Thus it 
is that the op-amp, usually considered as a 
linear device, crosses right over into the 
digital field. 
These basic 'building blocks' were 

covered in Part Two of this series. In Part 
One, one of the circuits discussed was the 
'integrator' which, it may be remembered, 
produced a linear ramp as a result of a step 
of voltage at its input. Therefore, if the latter 
circuit were fed with a train of square-waves, 
its response would be to generate a continu-
ous triangular waveform. The point is that 
the ability to convert from one type of 
waveform to another gives rise to the idea of 
a circuit that is capable of producing several 
quite different but 'frequency related' wave-
forms simultaneously — in other words, a 
'function generator'. This 'first stage de-
velopment' is shown in Figure 1 in the form of 
the 'hysteresis oscillator'. Two outputs, 
square-wave and triangle, are produced by 
the technique mentioned above. 

The Hysteresis Oscillator 
To understand how the circuit works, 

assume that the output of ICI is initially in 
positive saturation i.e. at some voltage +V 
volts. Then, a current given by V/R3 will flow 
to charge the feedback capacitor Cl of the 
integrator IC2. As a result, the output of IC2 
will fall linearly and continue to do so until it 
reaches -V/2 volts; this is output B, the 
triangle waveform. At this instant, the output 
of ICI is forced to switch from positive 
saturation to negative saturation because of 
the fed back voltage at the junction of RI and 
R4. What then follows is similar to what has 
been described except that the output of IC2 
now 'rises' linearly until it reaches the next 
'switch-on' point at +V/2 volts, from which 
the whole cycle repeats again, and so on 
indefinitely. 
Thus, output B 'runs' alternately between 

the amplitude limits of +V/2 and -V/2 volts 
while, simultaneously, output A switches 
between the amplitude limits of +V and -V 
volts. The periodic time of either excursion is 
R3.CI seconds so that the repetition fre-
quency of the output is equal to 1/(2.R3.C1) 
Hz — R3 in ohms and Cl in Farads. 
To take an example, if a frequency of 

100Hz is required and a 100nF capacitor is 
available, the required value of resistor is 
found by substituting these values into the 
formula which,  after transposing and 
evaluating, gives R3 as 50k. An obvious way 
of adjusting the frequency to exactly 100Hz 
is to use, for R3, a fixed 47k resistor in series 
with a 5k pre-set potentiometer. This formula 
for the frequency is based upon the circuit 
values given in Figure 1. Changing the ratio 
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Figure 1. The hysteresis oscillator. 
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Figure 2. Waveforms of the hysteresis oscillator. 
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Figure 3. Waveforms of an asymmetric circuit. 

R4/R1 moves the switch-on point in time, 
which then controls the amplitude of output 
B and obviously changes the frequency of 
operation. The limiting factor is that the ratio 
of R4/R1 must be unity or less, otherwise the 
circuit will stop oscillating. The frequency 
also depends upon the amplitude of the 
square-wave fed to IC2 because, as was 
explained in Part Two, the slope of the wave 
out of an integrator depends not only on the 
integrator time constant, but also on the 
magnitude of the step input. So, by feeding 
IC2, not from the full output of IC1 but from a 
portion of it (up to the maximum) derived 
from a potentiometer, continuously variable 
control of frequency is available over a 
reasonably wide range. Using the values 
given in Figure 1, the variation of frequency 
available using RVI was from about 6.25Hz 
to 125Hz. The waveforms obtained at both 
outputs at 125Hz are shown in Figure 2. 
Sometimes a mark/space ratio other 

than unity is required; to do this it is 
necessary to introduce some asymmetry 
into the circuit. To achieve this objective 
means finding a frequency-dependent com-
ponent and making it change its value 
automatically on alternate half-cycles. This 
implies the use of a diode to provide two 

unequal  'polarity-conscious' paths.  The 
obvious choice of component is R3 and the 
modification is shown in Figure 3 together 
with sample waveforms obtained. On the 
half-cycles when the output from IC1 is 
positive-going, DI is non-conducting and R3 
equals R3a i.e. equals 47k. But, on the 
negative half-cycles, DI conducts and puts 
R3a and R3b in parallel — an effective value 
of R3 of 11.4k. The mark/space ratio should 
then be 47/11.4, that is slightly over 4:1. 
This is verified by the waveforms of Figure 3, 
which shows that the actual mark/space 
ratio obtained was 3.8:1, within the tolerance 
of the resistors used (10%). 

Sine-shaping Circuit 
The hysteresis oscillator, which produces 

two different but related waveforms, has 
been referred to as the 'first stage develop-
ment' of a function generator. This is 
justifiable if it is accepted that such a circuit 
cannot really be said to be complete unless 
there is also a sine-wave output. There are 
various ways of adding this facility but oneof 
interest is the method of using an op-amp 
inverting amplifier with a sine-wave approxi-
mation network to develop the sinewave 
output from a triangle input. A number of 
diodes are used in the feedback path of the 
op-amp that conduct at different levels of the 
input, changing the gain and hence the slope 
of the output. The sinewave is thus repre-
sented by a succession of different slopes 
and quite a reasonable approximation is 
possible. The arrangement of the diodes and 
associated resistors is shown in Figure 4, 
together with a sketch of the principle 
involved. 
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Figure 4. Sine-shaping circuit. 
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Figure 5. Zener diode amplitude limiter. 
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Square-wave Clamping 
The waveform of the square-wave gen-

erated by the circuit of Figure 1 is good at the 
low frequencies but, in the kHz region begins 
to show some 'sag'. An obvious way of getting 
over this is to clip off the peaks of the square-
wave or, to describe the process more 
correctly, to clamp the square-wave to a 
predetermined level, well below that at 
which the sag is likely to occur. A zener diode 
will make an effective and consistent clamp 
and if just one diode is used, together with a 
diode bridge, as shown in Figure 5, the 
clamping action will be precisely sym-
metrical, the zener diode acting equally on 
both half-cycles of the square-waveform. 

A Function Generator 
To make a function generator that is at all 

versatile, range-switching of frequency and 
control of amplitudes is desirable. The latter 
can most easily be provided by potentio-
meters at each output, and the former 
requirement can be met by switching the 
value of Cl; fine control of frequency will be 
by use of the potentiometer between stages. 
A scheme incorporating all of the ideas 
discussed so far is shown in Figure 6. Most 
component values are shown but the values 
of Cl, C2 and C3 are left to the experimenter 
to select for himself, sufficient information 
having now been given for him to be able to 
do this. 

An Alternative Approach 
The method of generating three related 

functions just described was based upon the 
use of a square/triangle generator with the 
sinewave function being added on. But the 
versatility of the op-amp is such as to allow 
us to 'swap' the process around and start off 
with the sinewave. From this point, the sine-
wave can be 'squared off' (giving the square-
wave output) and this waveform, in turn, 
integrated in an op-amp integrator to give 
the triangle output. What is then needed, as a 
starting point, is a sinewave oscillator of the 
RC type. 

The Twin-Tee Oscillator 
The frequency-selective network that 

starts and maintains the oscillations in this 
circuit is a 'twin-tee' filter network. In Figure 
7, the component values are based upon a 
resistance Rand a capacitance C. The shunt 
resistance branch, nominally equal in value 
to R/2, is actually de-tuned slightly by a 2k5 
pre-set. The phase-shift through the network 
is then 180° with some attenuation (depen-
dent upon the degree of de-tuning). The op-
amp has 180° of phase-shift aswell between 
the inverting input and the output and very 
high gain. As a result, the 'loop phase shift' is 
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Figure 7. Twin-tee oscillator. 

Figure 8. The Wien bridge. 

360°, giving positive feedback and with the 
R/2 arm adjusted carefully, the circuit 
bursts into oscillation; the 2k5 pre-set 
should be carefully adjusted to give a sine-
wave with minimum distortion. All of this 
happens at a unique frequency which equals 
1/(27f.R.C). 
Even so, the degree of distortion may not 

be acceptable so a stabiliser can then be 
used that will give some improvement. A 
simple stabiliser, shown in Figure 7, consists 
of DI, R3 and RV1, the latter acting as an 
output control. The improvement in wave-
form with this simple modification is worth-
while, though there is some reduction in the 
maximum output. With 15V supplies, the 
unstabilised circuit can give 27V peak to 
peak output, which is reduced to about 8.5V 
peak to peak when the stabiliser is fitted, still 
a worthwhile output. 
With the values of R, C, R/2 and 2C shown 

in brackets in Figure 7, the design frequency 
was 400Hz. Using 5% resistors and 10% 
capacitors, the measured frequency on test 
was 435Hz, which is within the allowable 
limits. Obviously the use of closer tolerance 
components would have given a result closer 
to the design figure. 
To change the frequency of the twin-tee 

oscillator means changing the values of at 
least three components simultaneously (e.g. 
all three resistors in the filter network). This 
is not usually very practicable so this circuit 
is unlikely to be chosen except as a fixed 
frequency oscillator. 

The Wien Bridge Oscillator 
This might justifiably be called the 

'classic RC oscillator', since it is almost 
universally used to generate low-frequency 
sinewaves, especially where a wide fre-
quency range is required. It is based on the 
properties of the Wien network, which is an 
RC combination that has zero phase-shift 
and a loss of 3:1 at a frequency equal to 
1/(2 it R.C.). This formula assumes that both 
resistors have the same value and also both 
capacitors are equal, which is usually the 
case. At first sight it might appear that all 
that is needed is an amplifier with a gain of 3 
and zero phase-shift. However, it is better in 
practice to use a high-gain amplifier and 
include negative feedback to improve the 
stability of the circuit. This implies some sort 
of balance between the two types of 
feedback, positive and negative. This is 
achieved by adding two extra resistors to 
form a bridge, this being shown in Figure 8. It 
is these two resistors that provide the 
negative feedback, since they form a poten-
tial divider across the output and are 
connected at their junction to the inverting 
input of an op-amp in the final circuit. When 
this bridge is just 'off balance', a small 
voltage at the oscillatory frequency appears 
across X-X. It is this small voltage that is 
subject to the high gain of the op-amp to 
develop the output voltage. 
A possible circuit is shown in Figure 9. 

One point that is to be noticed immediately is 
that the frequency is controlled by twin-gang 
potentiometers RV1/RV2 so that a resis-
tance change from R1 to (R1 + RV1) is 
possible in the series arm, with an identical 
change taking place simultaneously in the 
parallel arm. Another feature of the circuit is 
that Ra consists of a potentiometer RV3 and 
two diodes, D1 and D2, back to back. The 
idea is to provide a non-linear element that 
will control the degree of out-of-balance of 
the bridge automatically to compensate for 
amplitude variations. RV3 is adjusted for the 
best waveform. 
With the values shown in Figure 9 the 

frequency range obtained was from 220Hz 
to lkHz, and the output level was about 
1.25V peak to peak. Further ranges can be 
added by switching the capacitor values. 
A more effective stabiliser uses a NTC 

thermistor, such as an R53, in place of the 
potentiometer/diodes network. However, 
these thermistors are extremely expensive 
and rarely justified except in a permanent 
design of some sophistication. 

Figure 9, The Wien bridge oscillator. 

Figure 10. Sine-square converter. 
Continued on page 64 
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WORKING WITH OP-AMPS (Continued from Page 13) 
fraction of a milli-volt, the output goes into 
positive saturation, and for negative half-
cycles at the input, the output goes into 
negative saturation. So the sinewave is very 
efficiently converted into a square-wave, 
which can then be integrated, using a 
standard op-amp integrator, to develop the 
triangular waveform. 

The Quadrature Oscillator 
Having dealt now with several circuits 

R 22k  that produce different time-related wave-
forms, it is interesting to consider a circuit in 
which the waveforms are identical but differ 
by a fixed phase angle, whatever the 
frequency. The actual phase angle is 90° so 
that the sinewaves are in 'quadrature', hence 
the name of the circuit, which appears in 
Figure 11. Two integrators are used, ICI and 
IC2, the former being a non-inverting type 
and the latter an inverting type. The 
frequency of the output waveforms is 
determined by the time constants obtained 
from three resistors and three capacitors, 

201.2M. W5 

Figure 11. The quadrature oscillator. 

The Sine-Square Converter 
Having produced the required sinewave, 

the next step is to square it off. A very simple 
way of doing this is to use the op-amp 
comparator, shown in Figure 10. The invert-
ing input is tied to OV and the sinewave input 
is applied to the non-inverting input. Every 
time the input goes positive, even by a 

known as R and C respectively on the basis 
that they are nominally equal. In practice, 
one of the resistors is a potentiometer RV, 
which is carefully adjusted until the given 
outputs A and B are obtained, best viewed on 
a double-beam CRO. If RV is turned too far 
one way, the circuit stops oscillating, and if 
too far the other way, the waveforms become 
a triangle and a square-wave! However, the 
correct setting of RV is easily found and the 
sinewaves are then quite stable and of 
excellent waveform. An amplitude limiter is 
included in the form of two zener diodes 
connected back to back. 
The formula for the frequency of opera-

tion is that f=1/(2WR.C) and, with the values 
given in Figure 11, the circuit oscillated at 
33Hz. It will work quite happily over a wide 
range of frequencies. For example, with 
R=47k; C=220n, the frequency is as low as 
14Hz and with R=1k; C=47n, the frequency 
is then 3.7kHz. At the higher frequencies a 
smaller value of RV makes the setting less 
critical. 

AMENDMENTS TO CATALOGUE 
The following points have come to our 
notice since the last issue of this magazine. 

Pao 20 
The picture of the 2m Rubber Duck (YG15R) 
shows a UHF plug, but the item is supplied 
with a BNC plug as stated in the text 

Page 47 
The Lift-off Hinge (YLO4E) is now cad-
mium-plated, not chrome-plated 

Page 84 
Euroboard 4-way (WYI6S) does not have a 
neon indicator 

Page 125 
Pan Neon Amber (RX82D) now has a small 
square face. 

Page 145 
Photo-Etch PCB (BW19V) is now being 
supplied in a smaller size: 160 x 100mm 
(Eurocard size). 

Page 258 
For WQ18U we are now supplying AY-3. 
1015D. This IC is directly equivalent to AY-
5-10I3A except that it requiresonly a single 
5V supply. Therefore no connection must be 
made to pin 2. 
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CORRIGENDA 
ZX81 KEYBOARD KIT 
AMENDMENT 
Additions To 'Connecting To 2X81' 
Before connecting the keyboard to your 

ZX8I, use a meter set to read d.c. volts and 
measure between OV and pins 1 to 8 (5K2), 
and pins 1 to 5 (SKI) in turn. This test must 
be performed with the power supply plug-
ged in and switched on, and without the 
keyboard connected to the ZX81. There 
should be no voltage present at these pins 
until a key is depressed. 

VIC20 Programs Corrected 
Colour Demonstration Program 
10 PRINT n 
20 FORD = 7680 TO 8185 : POKED. 224: 
NEXT D 

30 C = INT (RND(1)x506) + 38400 
40 A = INT (RND(1)x8) : IF A< 1 THEN 40 
50 POKE C. A : GOTO 30 

Joystick Demonstration Program 
10 PRINT 77.x = 7680 Z = 0 V= I :POKE 
37154, 127 

20 FOR C = 38400 TO 38960 : POKE C, 6: 
NEXT C 

30 A = PEEK (37151) : POKE X, 224 
40 IF A = 122 THEN X = X-22 : V = V-1 : 
IF V <I THEN X = X+22 : V = V + 1 

50 IF A= 118 THEN X= X+22 : V= V+1: 
IF V>23 THEN X = X-22 : V = V-1 

60 IF A = 110 THEN X = X.1 Z = Z-1 : 
IF Z<0 THEN X = X+1 : Z = Z+1 

70 IF PEEK (87152) = 119 THEN X = X+I : 
Z = Z+1 : 
IF Z>21 THEN X = X.1 : Z = Z-1 

80 GOTO 30 

Other Amendments 
Issue 3 Page 20 Figure 5a 
R5 should be a 47k, not a 100k as shown. 
R16 should be an 820R, not a 4k7 as 
shown. 

MAPLIN ELECTRONICS 
SUPPLIES LTD. 

require a 

SHOP MANAGER 
IN HAMMERSMITH 

This rare opportunity now exists at our London 
shop. We need a person who has a good under-
standing of electronics, has had management 
experience and has preferably been involved in the 
retail trade. Applications are invited from people 
aged between 30 and 55 approx. who are prepared 
to accept the challenge of an interesting career with 
an expanding company. There is an excellent 
salary, a company pension scheme and other 
employee benefits plus plenty of opportunity for 
self-expression. If you think this vacancy might suit 
you, take the initiative now by sending details of 
your experience and qualifications to Mr. D. M. 
Snoad, MAPLIN ELECTRONIC SUPPLIES LTD., P.O. 
Box 3, Rayleigh, Essex, SS6 8LR. 
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